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6 .  I n  space, a l i q u i d  which p a r t i a l l y  f i l l s  a non-wetted ampoule e i t h e r  

s epa ra t e s  i n t o  columns or t r a p s  a gas  bubble on t h e  wa l l .  The gas bubble 

i s  unstable  beyond a c r i t i c a l  s i z e  which dec reases  a s  t h e  con tac t  angle  

increases .  

I n  a t r i a n g u l a r  ampoule the  l i q u i d  c o n t a c t s  t h e  walls only over  f i n i t e  

widths  which dec rease  a s  t h e  contact  ang le  i n c r e a s e s .  

7. 

8. I n  dodecanedioc a c i d  (DDA) the  number of twins inc reases  wi th  inc reas ing  

temperature g r a d i e n t ,  i nc reas ing  f r e e z i n g  r a t e ,  and inc reas ing  impuri ty  

con ten t  when t h e  impurity molecules a r e  s i m i l a r  i n  s i z e  and shape t o  DDA. 
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convec t ion  observed i n  t h e  melt. 
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2. Experimental  

The & s i g n  of the t r a n s p a r e n t  model of a Bridgman-Stockbarger 

a p p a r a t u s  used i n  the present  work evolved from t h a t  used by P o t t s  

[11,12]. The convec t ive  flows s h e  observed sugges ted  t ha t  t h e  thermal  

f i e l d  sur rounding  the sample w a s  n o t  p e r f e c t l y  axisymmetric.  H o w e v e r  

t h e  n a t u r e  of h e r  set-up prec luded  any a t tempt  a t  c o n t r o l l i n g  t h e  

az imutha l  t empera tu re  f i e l d .  Our goal  i n  r e d e s i g n i n g  P o t t s '  s 

a p p a r a t u s  was t h e r e f o r e  t o  b u i l d  a fu rnace  i n  which t h e  azimuthal  

t empera tu re  f i e l d  could be both  measured and c o n t r o l l e d .  We used a 

clear p l a s t i c  furnace  i n  which was embedded ver t ica l  n i c h r m e  wires 

[131. Since  t h e  ampoule was hea ted  by conduct ion,  the thermal  

asymmetries c r e a t e d  by the  convec t ing  media were e l imina ted .  Also, 

because t h e  h e a t i n g  wi re s  were mounted v e r t i c a l l y  r a t h e r  t han  

h e l i c a l l y ,  t h e  symmetry of t h e  az imutha l  t empera tu re  p r o f i l e  could  be 

a c c u r a t e l y  c o n t r o l l e d  by supply ing  d i f f e r e n t  amounts of power t o  

groups of wires. 

Our appa ra tus  cons i s t ed  of a main h e a t e r  on top,  a c i r c u l a t i n g  

c o o l i n g  b a t h  b e l  OW, and a s h o r t  independent ly  c o n t r o l l e d  b o o s t e r  

h e a t e r  between. The boos ter  h e a t e r  could be  used t o  create a s t e e p  

axial  t empera tu re  g r a d i e n t  n e a r  t h e  i n t e r f a c e .  It a l s o  a f f o r d e d  

a d d i t i o n a l  c o n t r o l  Over the p o s i t i o n  of t h e  me l t - so l id  i n t e r f a c e .  The 

Qrex ampoule conta ined  salol, mp 43.2 C, and had a n  i n n e r  d iameter  

of 3 0  mm and a w a l l  t h i ckness  of 4 mm. (The p h y s i c a l  p r o p e r t i e s  of 

s a l o l  a r e  summarized i n  Table 1.1 The lower p o r t i o n  of t h e  appa ra tus  

w a s  immersed i n  a 2 l i t e r  t a p e r i n g  beaker  which se rved  as a 

c i r c u l a t i n g  c o o l i n g  ba th .  The coo l ing  b a t h  s tood on  a magnet ic  

stirrer. A g i t a t i o n  of t h e  coo lan t  i n  t h e  beaker  was s u f f i c i e n t  such 

t h a t  no t empera tu re  v a r i a t i o n s  ove r  0.2 C were recorded  throughout  

0 

0 
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t h e  bath.  

The tempera tures  i n  t h e  h e a t e r s  and c o o l e r  were measured u s i n g  

Teflon-coated c o p p e r c o n s t a n t a n  thermocouples (AWG36, diameter-0.005 

i n c h ) .  The thermocouples were connected through a s e l e c t o r  swi t ch  t o  

a d i g i t a l  thermometer with a b u i l t - i n  e l e c t r o n i c  i c e  po in t .  

Temperatures were r ead  t o  50.1 OC. The thermocouples were a t t a c h e d  t o  

t h e  o u t e r  w a l l  of t h e  sample ampoule a s  shown i n  F i g u r e  1. 

Convection w a s  revealed i n  t h e  m e l t  u s i n g  subl imated  s u l f u r  

t racer  p a r t i c l e s  and s t r e a k  photography. Under l o w  pawer 

magn i f i ca t ion ,  t h e  s u l f u r  p a r t i c l e s  appeared as i r r e g u l a r l y  shaped 

f l a k e s .  The m a x i m u m  dimension of a f l a k e  w a s  0.054 5 0.010mm. I n  

o r d e r  t o  v i s u a l i z e  convec t ion  w i t h i n  t h e  c o r e  of t h e  melt, i t  w a s  

necessa ry  t o  i l l u m i n a t e  a r e l a t i v e l y  narrow s l a b  down t h e  c e n t e r  of 

t h e  m e l t .  Th i s  was done using a l i g h t - s l i t  t echnique  similar t o  t h a t  

d e s c r i b e d  by Schwabe and Schamann [141. The l i g h t  sou rce  w a s  a 0.5 

mW He-Ne laser. Approximately 3 c m  from t h e  laser w a s  a c y l i n d r i c a l  

l e n s  which e longa ted  t h e  beam. Approximately 50 c m  away w a s  a second 

c y l i n d r i c a l  l e n s  which focused t h e  beam i n t o  a s l i t .  A t  90 c m  from 

t h e  laser, t h e  l i g h t  s l i t  e n t e r e d  t h e  t o p  of t h e  a p p a r a t u s  and sh ined  

s t r a i g h t  down through t h e  melt. A t  t h e  t o p  of t h e  furnace,  t h e  l i g h t  

s l i t  w a s  shaped l i ke  an elongated e l l i p s e ,  w i t h  a major axis of 31 mm 

and a minor axis of 5 mm. 

Convection s t u d i e s  were begun a f t e r  t empera tu res  i n  t h e  h e a t e r s  

and t h e  c o o l e r  v a r i e d  l e s s  t h a n  0.2 C Over a one hour pe r iod .  The 

convec t ive  s t r e a m l i n e s  i n  t h e  melt  were  v i s u a l i z e d  by pho tograph ica l ly  

r eco rd ing  t h e  p a t h l i n e s  of t h e  s u l f u r  suspended i n  t h e  melt .  A f t e r  

s t eady  s t a t e  c o n d i t i o n s  were reached, 2 t o  3 mg of subl imated  s u l f u r  

p a r t i c l e s  were s p r i n k l e d  i n t o  t h e  m e l t .  The upper p o r t i o n  of t h e  melt 

0 
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was m i l d l y  a g i t a t e d  with a s t i r r i n g  rod i n  o r d e r  t o  d i s p e r s e  t h e  

s u l f u r .  V i s u a l  i n s p e c t i o n  of t h e  m e l t  r evea led  t h a t  approximately 75% 

of t h e  s u l f u r  remained suspended f o r  3 hours ,  and approximately 25% 

remained suspended f o r  a t  least 2 4  hours.  

P i c t u r e s  were t a k e n  us ing  a Nikon EM2 camera w i t h  a 55 mm Nikon 

Micro-Nikkor macro l e n s  mounted on a t r ipod .  The s h u t t e r  was manually 

ope ra t ed  w i t h  a remote cab le  release. Exposures ranged from 2 s  t o  

ove r  2 minutes.  The v e l o c i t i e s  of t h e  particles i n  t h e  melt were 

c a l c u l a t e d  from t h e  l eng th  of t h e  s t r e a k s  on  t h e  photograph caused by 

t h e  motion of t h e  p a r t i c l e s ,  t h e  magni f ica t ion ,  and t h e  l e n g t h  of t h e  

exposure.  

6 



1. Y 

SUMMARY 

The o v e r a l l  o b j e c t i v e  of t h i s  r e sea rch  was t o  e l u c i d a t e  phenomena of 

importance t o  d i r e c t i o n a l  s o l i d i f i c a t i o n  i n  space.  We used a combinat ion of 

t h e o r y ,  l abo ra to ry  experiments,  and experiments i n  t h e  KC135. The r e s e a r c h  

has produced 5 pape r s ,  a completed Ph.D. t h e s i s ,  p rog res s  toward another  Ph.D. 

t h e s i s ,  a completed M.S. t h e s i s ,  the major p a r t  of another  M.S. t h e s i s ,  and 

t h e  beginning of a Ph.D. p r o j e c t .  The l a t t e r  M.S. t h e s i s  is included here  a s  

an appendix. It w i l l  y i e l d  one paper. When t h e  second Ph.D. t h e s i s  i s  

complete it w i l l  r e s u l t  i n  s e v e r a l  papers.  

Conclusions of our r e sea rch  are as fol lows:  

1. I n  t h e  v e r t i c a l  Bridgman-Stockbarger technique (BS), convection is o f t e n  

non axi-symmetric and may not  be s t e a d y ,  even when very g e n t l e .  

Appendix B). 

(See 

2 .  Convection in  BS depends c r i t i c a l l y  on t h e  v e r t i c a l  and c i r c u m f e r e n t i a l  

temperature  v a r i a t i o n s  i n  t h e  hea ter .  For example, t he  convection nea r  

t h e  s o l i d - l i q u i d  i n t e r f a c e  increases  a s  t h e  v e r t i c a l  temperature g r a d i e n t  

becomes more negat ive.  (See Appendix C). 

3. When t h e  temperature inc reases  with height  in  BS t h e r e  may be n e g l i g i b l e  

convection near t he  f r e e z i n g  i n t e r f a c e  and t h e  i n t e r f a c e  remains p l ana r  

over a wide range of v e r t i c a l  pos i t i ons .  (See Appendix C). 

4. I n  moderate P r a n d t l  number melts t h e  temperature f i e l d  and t h e  i n t e r f a c e  

shape in  BS a r e  s e n s i t i v e  t o  convection. (See Appendix A ) .  

5. The two-dimensional temperature f i e l d  i n  BS w i t h  conduction only may be 

computed r a p i d l y  using our new methods. (See Appendix D). 

1 



3 .  Results 

Chang and Brown's [71 and Car l son  e t  al . 's  [91 t h e o r e t i c a l  

i n v e s t i g a t i o n s  of t h e  Bridgman technique  assumed t h a t  t h e  t empera tu re  

of t h e  fu rnace  w a s  constant .  I n  t h e  t y p i c a l  Bridgman-Stockbarger 

c o n f i g u r a t i o n  t h e  tempera ture  of t h e  fu rnace  a c t u a l l y  reaches  a 

maximum about h a l f  way up. Since. i n  t h e  lower h a l f ,  convec t ion  i s  

i n h i b i t e d  by t h e  s t a b i l i z i n g  axial t empera tu re  g rad ien t .  t h i s  

c o n f i g u r a t i o n  is  of t e n  r e f e r r e d  t o  as t h e  v e r t i c a l l y  s t a b i l i z e d  

conf igu ra t ion .  The buoyancy d r i v e n  convec t ion  t h a t  is p r e d i c t e d  i n  

t h e  v e r t i c a l l y  s t a b i l i z e d  c o n f i g u r a t i o n  i s  caused by r a d i a l  

t empera tu re  g r a d i e n t s  i n  t h e  m e l t .  These g r a d i e n t s  ar ise  from h e a t  

t r a n s f e r  between t h e  sample and t h e  sur rounding  furnace.  I n  a n  a c t u a l  

Bridgman-Stockbarger set-up t h e  r a d i a l  t empera tu re  g r a d i e n t s  may n o t  

be s u f f i c i e n t  t o  cause convection. 

I f  t h e  p o s i t i o n s  of t h e  h e a t i n g  and c o o l i n g  f u r n a c e s  are 

switched. s o l i d i f i c a t i o n  occurs when t h e  sample i s  t r a n s l a t e d  from t h e  

h e a t e r  up i n t o  t h e  cooler.  I n  t h i s  c o n f i g u r a t i o n ,  t h e  axial 

t empera tu re  g r a d i e n t  n e a r  t h e  f r e e z i n g  i n t e r f a c e  is  d e s t a b i l i z i n g  

because t h e  t empera tu re  i n  t h e  m e l t  d e c r e a s e s  w i t h  h e i g h t .  Since bo th  

t h e  axial and t h e  r a d i a l  g r a d i e n t s  promote buoyancy d r i v e n  convection. 

convec t ive  v e l o c i t i e s  a r e  much l a r g e r  t han  when t h e  h e a t e r  i s  on  top. 

A s h o r t  b o o s t e r  h e a t e r  i n s e r t e d  between t h e  main h e a t e r  and t h e  

c o o l e r  can be used t o  c o n t r o l  convec t ion  i n  t h e  s t a b i l i z e d  

c o n f i g u r a t i o n  ( m e l t  on  top) .  As puwer t o  t h e  b o o s t e r  i s  inc reased .  

t h e  p o s i t i o n  of t h e  maximm tempera tu re  moves downward u n t i l  i t  i s  

j u s t  above t h e  i n t e r f a c e .  When t h i s  occurs.  t h e  axial  t empera tu re  

g r a d i e n t  i s  d e s t a b i l i z i n g  throughout,  promoting convec t ion  i n  much t h e  

same manner as i f  t h e  h e a t e r  was on t h e  b o t t a n  and t h e  c o o l e r  on top. 

7 



Therefore ,  i f  a Bridgman furnace w i t h  a b o o s t e r  h e a t e r  i s  used, it may 

be e i t h e r  t he rma l ly  s t a b i l i z i n g  or d e s t a b i l i z i n g  depending on t h e  

power s u p p l i e d  t o  t h e  booster.  

F i g u r e  2 a  is a t y p i c a l  p l o t  of t h e  t empera tu re  vs. h e i g h t  as 

measured a t  t h e  o u t e r  wall of t h e  sample ampoule f o r  a s t a b i l i z e d  

c o n d i t i o n  n e a r  t h e  i n t e r f a c e .  The convec t ion  produced by t h i s  

t e m p e r a t u r e  p r o f i l e  is s h a r n G  F i g u r e  2b. A schemat ic  r e p r e s e n t a t i o n  

of t h i s  convec t ion  showing t h e  v e l o c i t i e s  i s  g iven  i n  F i g u r e  2c. 
u 

F i g u r e  3a i s  a t y p i c a l  t empera tu re  p r o f i l e  f o r  a n o t h e r  run when 

t h e  p m e r  supp l i ed  t o  t h e  b o o s t e r  w a s  much g r e a t e r .  Since a m a x i m u m  

i n  t empera tu re  w a s  produced n e a r  t h e  i n t e r f a c e ,  t h i s  c o n d i t i o n  is  

t y p i c a l  of a d e s t a b i l i z e d  cond i t ion .  The r e s u l t i n g  convec t ive  

v e l o c i t y  f i e l d  is p i c t u r e d  i n  F i g u r e  3 b  and shown s c h e m a t i c a l l y  i n  

F i g u r e  3c. Other tempera ture  p r o f i l e s  a t  t h e  o u t e r w a l l  of t h e  sample 

ampoule and schemat ic  v e l o c i t y  p r o f i l e  s k e t c h e s  are shown i n  F i g u r e s  4 

t o  9 .  

For comparative purposes, s e v e r a l  d imens ion le s s  groups which 

d e s c r i b e  t h i s  system are suumarized. The P rand t l  number, P r  = P C  /k, 

of s a l o l  is  approximately 15. The Grashof may be d e f i n e d  as G r  = 

R gpAT/Y . For t h i s  system G r  = 6.19*10 AT where A T  is  a 

P 

3 2 4 

c h a r a c t e r i s t i c  tempera ture  d i f f e r e n c e .  The P e c l e t  number is  d e f i n e d  

by Pe = PRC V/k = 3.46*10 V where V is a c h a r a c t e r i s t i c  c o m e c t i v e  

v e l o c i t y  i n  mm/s.  

2 
P 
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4 .  Discuss ion  

Two b a s i c  convective flow regimes. c h a r a c t e r i s t i c  of t h e  

t empera tu re  p r o f i l e  i n  t h e  furnace.  were observed. A t y p i c a l  

convec t ion  p a t t e r n  f o r  t h e  v e r t i c a l l y  s t a b i l i z e d  c o n d i t i o n  i s  shown i n  

F i g u r e  2.  The flow f i e l d  in  t h i s  f i g u r e  i s  d iv ided  i n t o  two regions.  

In  t h e  upper h a l f  of t h e  melt, convec t ive  v e l o c i t i e s  on t h e  o r d e r  of 1 

mm/s were t y p i c a l .  I n  t h e  lower half  of t h e  m e l t ,  t h e  suspended 

s u l f u r  particles moved a t  a r a t e  of 0.03 t o  0.05 m d s .  The movement 

i n  t h e  lower h a l f  w a s  impercep t ib l e  t o  t h e  eye and cou ld  only be 

v i s u a l i z e d  w i t h  a t i m e  exposure photograph a t  least 30 seconds long. 

I n  t h e  v e r t i c a l l y  d e s t a b i l i z e d  cond i t ion .  t h e  flow f i e l d  was a g a i n  

d i v i d e d  i n t o  two regions,  upper and lower c o u n t e r  r o t a t i o n a l  

s e c t i o n s .  I n  bo th  t h e  upper and lower areas of t h e  m e l t ,  convec t ive  

v e l o c i t i e s  were on t h e  o rde r  of 1 mm/s. 

The v e l o c i t y  sketches i n  F i g u r e  4b  exemplify t h e  behav io r  of t h e  

convec t ion  i n  t h e  v e r t i c a l l y  s t a b i l i z e d  cond i t ion .  When viewed from 

t h e  f r o n t .  t h e  flow i n  t h e  upper p o r t i o n  of t h e  melt c o n s i s t e d  of a 

s i n g l e  circular cel l  w i t h  f l o w  v e l o c i t i e s  of 1 m d s  be ing  t y p i c a l .  

When viewed from t h e  side. t h e  flow b o r e  no r e l a t i o n  t o  t h e  flow 

observed from t h e  f r o n t ,  al though t h e  magnitude of t h e  convec t ive  a d) 
- /  

v e l o c i t i e s  w a s  t h e  same. The t e m p e r a t u r e  p r o f i l e s .  A a  t o  .&a, show 

t h a t  t h e  t empera tu re  of the ampoule a t  t h e  t o p  of t h e  fu rnace  

decreased  w i t h  height .  This  d e s t a b i l i z i n g  t e m p e r a t u r e  g r a d i e n t  w a s  

probably t h e  major d r i v i n g  f o r c e  f o r  convec t ion  i n  t h e  upper p o r t i o n  

of t h e  m e l t .  The very  slow motion of t h e  sulfur p a r t i c l e s  i n  t h e  

lower  p o r t i o n  of t h e  mel t  i n d i c a t e d  t h a t  t h e  convec t ion  t h e r e  w a s  

n e a r l y  nonex i s t en t .  

All long exposure  photographs of convec t ion  i n  t h e  v e r t i c a l l y  

9 
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s t a b i l i z e  c o n f i g u r a t i o n  showed t h a t  t h e  s u l f u r  muved v e r t i c a l l y  a t  a 

rate As noted  
<=.-- .. 

of 0.03 t o  0.05 m d s  i n  t h e  lower p o r t i o n  of t h e  m e l t .  

above, t h i s  motion w a s  impercep t ib l e  t o  t h e  eye. The s t r e a k s  t r a c e d  

by t h e  s u l f u r  particles i n  t h i s  r e g i o n  of t h e  m e l t  were so uniform. 

bo th  i n  magnitude and d i r e c t i o n .  t h a t  they probably were a n  i n d i c a t i o n  

of s ed imen ta t ion  of s u l f u r  i n  an und i s tu rbed  m e l t .  

Although t h e  sed imenta t ion  of t h e  s u l f u r  w a s  uniformly downward 

throughout t h e  lower h a l f  of t h e  m e l t .  t h e  s t r e a k l i n e s  showed a 

d e f i n i t e  c u r v a t u r e  w i t h i n  1 c m  of t h e  i n t e r f a c e .  Th i s  i s  c l e a r l y  

shown i n  t h e  photograph i n  F i g u r e  2b. Although t h e  streaks are 

curved. t h e i r  l e n g t h s ,  under s t eady  state cond i t ions .  y i e l d  a n  

ex t remely  slow v e l o c i t y .  approximately 0.05 4 s .  Convection t h i s  

slow n e a r  t h e  i n t e r f a c e  was d i f f i c u l t  t o  r e s o l v e  p h o t o g r a p h i c a l l y  due 

t o  overexposure  of t h e  fi lm. 

The second b a s i c  flow regime observed i n  t h i s  work w a s  t h a t  

a s s o c i a t e d  w i t h  t h e  thermal ly  d e s t a b i l i z e d  p r o f i l e  c r e a t e d  by t h e  

b o o s t e r  hea te r .  The major f e a t u r e s  of t h i s  t ype  of flow are 

sunmarized i n  F i g u r e  3b. The flow i n  t h i s  f i g u r e  can be d i v i d e d  i n t o  

two regions.  I n  t h e  lower reg ion  t h e  flow rises a t  t h e  w a l l  and 

descends i n  t h e  cen te r .  In t h e  upper r e g i o n  t h e  flow descends a t  t h e  

w a l l  and rises i n  t h e  center .  As i n  t h e  d e s t a b i l i z e d  cond i t ion .  t h e  

flow w a s  complex and u s u a l l y  c o u l d n ' t  be c h a r a c t e r i z e d  s o l e l y  on t h e  

b a s i s  of one view. The two e x c e p t i o n s  are t h e  results shown i n  

F igu res  7b and 8b. I n  these  runs. convec t ion  w a s  so symmetrical  t h a t  

bo th  views, f r o n t  and s i d e ,  p re sen ted  t h e  same flaw f i e l d .  

Even though t h e  flow p a t t e r n s  i n  F i g u r e s  7b and 8 b  a r e  h i g h l y  

symmetrical ,  a measurable az imutha l  thermal  asymmetry n e v e r t h e l e s s  

e x i s t e d  i n  t h e  h e a t e r .  The q u e s t i o n  t h i s  raises is. how l a r g e  a 
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thermal asymmetry i s  necessary  t o  d e s t r o y  t h e  symmetrical c h a r a c t e r  of 

t h e  flow? A comparison of F i g u r e  6b  and F i g u r e  8 b  i n d i c a t e s  t h a t  ve ry  

l i t t l e  thermal asymmetry was necessa ry  t o  completely d e s t r o y  t h e  

symmetrical behav io r  of t h e  flow. 

The az imutha l  tempera ture  v a r i a t i o n  w a s  c h a r a c t e r i z e d  by 

c a l c u l a t i n g  t h e  s t a n d a r d  d e v i a t i o n  of t h e  t empera tu res  measured by t h e  

c i r c u m f e r e n t i a l l y  mounted thermocouples. The d i f f e r e n c e  i n  t h e  

s t a n d a r d  d e v i a t i o n  of t h e  tempera tures  i n d i c a t e d  by thermocouples 4 t o  

7 between F igures  6b and#b is  on ly  0.1 (Thermocouple 6 f a i l e d  t o  

operate .  t h e r e f  o r e  t h e  s t anda rd  d e v i a t i o n  of t h e s e  t e n p e r a t u r e  

measurements has  only two degrees of freedom. 1 The s t a n d a r d  d e v i a t i o n s  

of t h e  t empera tu res  read by thermocouples 8 t o  11 are  t h e  same i n  

F igu res  6b and 8b. Even though t h e  magnitude of t h e  azimuthal 

t empera tu re  v a r i a t i o n s  is nea r ly  t h e  same i n  t h e s e  two runs. t h e r e  are 

g r e a t  d i f f e r e n c e s  i n  t h e  symmetry of t h e  flow. Since t e n p e r a t u r e  w a s  

measured a t  t h e  o u t e r  w a l l  of a 4 mm t h i c k  Pyrex ampoule, t h e  measured 

thermal  asymmetry w a s  probably g r e a t e r  t h a n  t h a t  f e l t  by t h e  m e l t ,  

because t h e  ampoule should have dampened o u t  t h e  thermal asymmetry by 

conduction. I n  any case, no c l e a r  boundary emerged from t h i s  work 

about t h e  minimm thermal asymmetry which w i l l  produce asymmetrical 

convection. a l though i t  i s  probably small. on t h e  o r d e r  of 1 C a t  t h e  

o u t e r  w a l l  of t h e  thick-walled ampoule. 

0 
% 

C. 

0 

I n  t h e  run p i c t u r e d  i n  F i g u r e  9 a thermal  asymmetry of several 

degrees  w a s  c r ea t ed .  I n  agreement w i t h  t h e  work of P o t t s  [ l O . l 1 1 ,  t h e  

m e l t  r o s e  a long  t h e  h o t  p o r t i o n  of t h e  ampoule and descended a l o n g  t h e  

c o o l e r  s i d e .  

F igu res  2a t o  9 a  a r e  p l o t s  of t h e  t empera tu re  of t h e  o u t e r  w a l l  

of t h e  sample ampoule v e r s u s  v e r t i c a l  p o s i t i o n .  The l o c a t i o n  of t h e  

11 



m e l d s o l i d  i n t e r f a c e  was measured from t h e  photographs and i s  noted  i n  

t h e s e  f i g u r e s .  From t h e s e  p l o t s ,  t h e  t empera tu re  of t h e  o u t e r  w a l l  of 

t h e  ampoule a t  t h e  p o i n t  where t h e  i n t e r f a c e  i n t e r s e c t s  t h e  i n n e r  w a l l  

could  be r ead  d i r e c t l y .  Were t h e r e  no t empera tu re  d i f f e r e n c e  a c r o s s  

t h e  ampoule. t h e  tempera ture  a t  t h e  o u t e r  w a l l  would be equa l  t o  t h e  

me l t ing  p o i n t  of t h e  sample material. A s  shown i n  Tab le  2, t h e r e  w a s  

o f t e n  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  o u t e r  w a l l  t empera tu re  

a d j a c e n t  t o  t h e  i n t e r f a c e  and t h e  m e l t i n g  p o i n t  of .  t h e  sample 

material. (The me l t ing  p o i n t  of a f r e s h  sample of phenyl s a l i c y l a t e  

w a s  43.0 t o  43.5 OC. The phenyl s a l i c y l a t e  used i n  t h e  convec t ive  

s t u d i e s  had been i n  t h e  molten s ta te  f o r  over a month and had a 

m e l t i n g  p o i n t  of 41.0 t o  43.0 C. Degradat ion  of t h i s  o r g a n i c  0 

compound w a s  t h e r e f o r e  minimal. ) 

An i n t e r e s t i n g  f e a t u r e  about  t h e  o u t e r  w a l l  t empera tu re  a d j a c e n t  

t o  t h e  i n t e r f a c e  i s  t h a t  no w a l l  t empera tu re  w a s  s i g n i f i c a n t l y  less 

t h a n  t h e  observed experimental  m e l t i n g  p o i n t ,  but  several were n e a r l y  

1 0  OC l a r g e r .  F i g u r e  7a y i e l d s  a n  o u t e r  w a l l  t empera tu re  13.7 C o v e r  

t h e  exper imenta l  me l t ing  po in t  range. S i g n i f i c a n t  d e v i a t i o n s  are 

noted i n  F igu res  3a. 8a. and 9 a  as w e l l .  These f i g u r e s  correspond t o  

t h e  d e s t a b i l i z e d  cond i t ion ,  w i t h  convec t ion  throughout  t h e  e n t i r e  

m e l t .  

0 

These data suggest  t h a t  t h e  t empera tu re  d i f f e r e n c e  a c r o s s  t h e  

ampoule w a l l  was o f t e n  la rge .  Under c o n d i t i o n s  i n  which mixing of t h e  

m e l t  i s  s i g n i f i c a n t .  t h e  effective B i o t  number on t h e  melt s i d e  of t h e  

tube  i s  i n c r e a s e d  due t o  the  i n c r e a s e d  convec t ive  h e a t  t r a n s f e r  w i t h i n  

t h e  m e l t .  When convec t ive  mixing i s  l a r g e .  t h e  r e l a t i v e l y  coo l  f l u i d  

from t h e  upper r e g i o n s  of t h e  fu rnace  descends through t h e  c e n t e r  of 

t h e  m e l t  and rises d o n g  t h e  w a l l s  of t h e  ampoule. T h i s  cools t h e  
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Figure  1. Schematic diagram of appara tus .  "X" denotes  t h e  
p o s i t i o n  of a thermocouple (TC). 
thermocouples  are  measured from t h e  bottcm of t h e  b o o s t e r  
h e a t e r .  Thermocouples 4 t o  7 and 8 t o  11 were c i r c u m f e r e n t i d l y  
mounted and were e q u a l l y  spaced. 
t h e  f r o n t  of t h e  furnace.  Thermocouples 1 t o  3 and 12  t o  1 7  were 
a c t u a l l y  p o s i t i o n e d  on t h e  rear of t h e  f u r n a c e  but are p i c t u r e d  
as being o n  t h e  s i d e  For c l a r i t y .  
each con ta ined  27 nichrome h e a t i n g  wires spaced 8.1 mm a p a r t .  

The p o s i t i o n s  of t h e  

TCI 4 and TC# 8 were mounted on 
SAMPLE AMPOULE 

The f u r n a c e  and b o o s t e r  h e a t e r  
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Fi.gure 2a. Temperature of the outer w a l l  of the Pyrex sample 
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me l t - so l id  i n t e r f a c e  was 48.5 mm above the  bottan of t h e  booster  
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F i g u r e  5b. Schenat ic  r e p r e s e n t a t i o n  of t h e  convec t ive  v e l o c i t y  f i e l d  
cor responding  t o  t h e  tempera ture  p r o f i l e  i n  F igu re  5a. 
V e l o c i t i e s  a r e  i n  m d s .  

- TCI Temp ("C) 
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7 52.4 T = 53.0 _+ 0.5 b a t h  temp = 1.5 
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1 0  33  .O 
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F i g u r e  7a. Temperature of t h e  o u t e r  w a l l  of t h e  Pyrex sample 
ampoule vs. ver t ical  p o s i t i o n  for run  1-62. The l o c a t i o n  of t h e  
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1. Convection and Heat Transfer i n  t h e  Bridgman-Stockbarger Technique 
(Hi l a ry  P o t t s ,  Greg Neugebauer and William R .  Wilcox) 

The o b j e c t i v e  of t h i s  research was t o  determine the  in f luence  of t h e  

h e a t e r  cond i t ions  on convection and hea t  t r a n s f e r  i n  the  Bridgman-Stockbarger 

technique.  A t  t h e  terminat ion of t h i s  c o n t r a c t  on September 30, 1986, two 

papers  had been submitted f o r  pub l i ca t ion ,  one M.S. t h e s i s  had been completed, 

and r e s e a r c h  f o r  a second M.S. t h e s i s  had been completed. Since t h e n ,  one 

paper has been published (Appendix A) and t h e  second t h e s i s  completed 

(Appendix C) . 
Experiments were performed in  s e v e r a l  d i f f e r e n t  t r anspa ren t  apparatuses  

us ing  organic  compounds as working m a t e r i a l s .  

p a r t i c l e s  f l o a t i n g  i n  t h e  melt .  

l o c a t  ions  using f i n e  thermocouples. 

F lu id  motion was revealed by 

Temperatures were measured a t  s e v e r a l  

In  t h e  f i r s t  s e t  of experiments, desc r ibed  i n  Appendices A and B ,  hea t ing  

and cool ing were accomplished with a g i t a t e d  ba ths  separated by a polymer 

diaphragn.  Temperature va r i ed  only s l i g h t l y  throughout t he  ba ths .  Convection 

occurred in t h e  m e l t ,  as pred ic t ed  by t h e  computer models of Professor  Carlson 

a t  Clarkson and Professor  Brown a t  MIT. However t h e  convection was 

non-axisymmetric and non-steady, unl ike t h e  t h e o r e t i c a l  p r e d i c t i o n s .  

a t t r i b u t e d  t o  a s l i g h t  lack of symmetry and t o  f l u c t u a t i o n s  i n  t h e  hea t ing  

ba th .  The convection in the  m e l t ,  while g e n t l e ,  none the le s s  s i g n i f i c a n t l y  

increased heat  t r a n s f e r  i n  t h e  m e l t  and a l t e r e d  t h e  i n t e r f a c e  shape and 

p o s i t i o n .  

o rgan ic  l i q u i d s .  

This  was 

This i s  a r e f l e c t i o n  of the  moderately l a r g e  P r a n d t l  number of 

In  o rde r  t o  i n v e s t i g a t e  more thoroughly t h e  e f f e c t  of heat ing cond i t ions  

on convect ion,  an unique apparatus  was cons t ruc t ed .  A s  descr ibed i n  d e t a i l  i n  

Appendix C ,  long v e r t i c a l  heat ing wires were embedded i n  a p l a s t i c  r e s i n  which 
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surrounded the ampoule. A shor t  heater  cons t ruc t ed  in  t h i s  manner was placed 

between the  long hea te r  and t h e  cooling ba th .  W i t h  t h i s  appa ra tus  t h e  

v e r t i c a l  and c i r cumfe ren t i a l  v a r i a t i o n  of h e a t e r  temperature  could be s e t  over 

a wide range, without convective heat t r a n s f e r  between t h e  h e a t e r  and t h e  

ampoule. 

When no power was appl ied t o  t h e  sho r t  h e a t e r ,  t h e r e  was n e g l i g i b l e  

convection in the  m e l t  near t h e  so l id - l iqu id  i n t e r f a c e .  

temperature increased s t e a d i l y  with h e i g h t ,  producing ve ry  small  r a d i a l  

temperature g r a d i e n t s .  This  was manifested by achievement of a n e a r l y  p l a n a r  

so l id - l iqu id  i n t e r f a c e  r e g a r d l e s s  of i t s  p o s i t i o n  i n  t h e  ampoule. 

This  was because t h e  

A s  power was increased t o  t h e  s h o r t  h e a t e r ,  convection in  t h e  melt  nea r  

t h e  i n t e r f a c e  s t e a d i l y  increased.  Careful  adjustment of t h e  d i s t r i b u t i o n  of 

power t o  the heat ing wires was r equ i r ed  t o  achieve axi-symmetric convect ive in  

t h e  melt .  S l igh t  t i l t i n g  of t h e  apparatus  or small  c i r c u m f e r e n t i a l  v a r i a t i o n s  

in  temperature caused t h e  convection t o  become non symmetric. 



.- 

2. Mathematical Model of Heat Conduction i n  t h e  
B r  idgman-Stoqk&arger Technique 

(Rogerio Ba la r t  and Theodore Papatheodorou) 

This  r e sea rch  was c a r r i e d  out  by a d o c t o r a l  s t u d e n t ,  Rogerio B a l a r t ,  

under the  d i r e c t i o n  of P ro fes so r  Papatheodorou. Papatheodorou moved from 

Clarkson t o  Greece l a s t  summer. Since then Mr. Balar t ' s  r e sea rch  ha6 been 

d i r e c t e d  by Dean Mark Ablowitz and he has been paid from Ablowitz's funds. 

r e p o r t  of r e s u l t s  obtained be fo re  Papatheodorous's depa r tu re  is  i n  Appendix 

D. 

A 

The o r i g i n a l  o b j e c t i v e  of t h i s  r e sea rch  was t o  develop computer programs 

f o r  convect ive heat t r a n s f e r  f o r  high P rand t l  number me l t s  in  t h e  

Bridgman-Stockbarger technique. T h i s  i s  a very d i f f i c u l t  problem because of 

t h e  c l o s e  coupling between heat t r a n s f e r  and bouyancy-driven convection. The 

computer programs of Brown and Carlson a r e  u s e f u l  only f o r  very small  P r a n d t l  

number, f o r  which t h e  heat t r a n s f e r  is influenced only s l i g h t l y  by t h e  

convection. 

Y 

By t h e  terminat ion of t h e  con t r ac t  Ba la r t  had succeeded i n  developing a 

gene ra l  a n a l y t i c a l  s o l u t i o n  for two-dimensional conductive heat t r a n s f e r  

(Appendix D). 

c a l c u l a t i o n s  a r e  r equ i r ed ,  but  very much l e s s  than f o r  a f i n i t e  d i f f e r e n c e  or 

f i n i t e  element numerical  s o l u t i o n .  

I n  o rde r  t o  o b t a i n  numerical va lues  f o r  temperature ,  computer 

Mr. Balar t ' s  assignment f o r  the  remainder of hi6 Ph.D. t h e s i s  i s  t o  

develop a n a l y t i c a l  andlor  numerical  methods f o r  convection. He may, f o r  

example, determine t h e  hea te r  p r o f i l e  cond i t ions  r equ i r ed  f o r  t h e  onset of 

convection. 
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3. Melt Behavior during S o l i d i f i c a t i o n  i n  Space 
(Rahda Sen J a y a r a j  and William R .  Wilcox) 

P r i o r  research by American, European and Soviet  i n v e s t i g a t o r s  has shown 

t h a t  i ngo t s  s o l i d i f i e d  in  space f r equen t ly  have sma l l e r  diameters  than t h e i r  

ampoules. 

causing t h e  melt t o  p u l l  away from t h e  ampoule w a l l  p r i o r  t o  s o l i d i f i c a t i o n .  

The o b j e c t i v e  of our r e sea rch  was t o  tes t  t h i s  exp lana t ion .  

po r t ion  of a Ph.D. t h e s i s  r e s u l t e d  from t h i s  work. 

T h i s  has been a t t r i b u t e d  t o  non-wetting of t h e  ampoule by t h e  m e l t ,  

Two papers and a 

As described in  Appendix E ,  experiments were performed i n  fou r  KC-135 

f l i g h t s .  

ampoules were a t t ached  t o  a video camera, which was p e r i o d i c a l l y  shaken and 

r e l eased  during the  low g p o r t i o n s  of t h e  f l i g h t .  

Several t ypes  of ampoules were f i l l e d  w i t h  non-wetting l i q u i d s .  The 

I n  c y l i n d r i c a l  ampoules, t h e  a i r  e i t h e r  formed one o r  more l a r g e  bubbles 

along the  ampoule wa l l  or served t o  s e p a r a t e  t h e  l i q u i d  i n t o  columns. There 

was a maximum s t a b l e  bubble s i z e ,  which was confirmed by t h e  t h e o r e t i c a l  

treatment given in Appendix F. 

I n  t r i a n g u l a r  ampoules, t h e  l i q u i d  pu l l ed  away from t h e  co rne r s  and 

contacted t h e  wa l l s  only over f i n i t e  widths.  

predicted by theo ry ,  which a l s o  p r e d i c t s  a c r i t i c a l  con tac t  ang le  beyond which 

con tac t  would be i n f i n i t e s m a l l y  t h i n .  

The con tac t  width was c o r r e c t l y  

These r e s u l t s  do not  explain t h e  r e s u l t s  of s o l i d i f i c a t i o n  in  space.  I n  

order  t o  explain t h e  f l i g h t  r e s u l t s ,  s o l i d i f i c a t i o n  experiments must be 

performed i n  space in  a t r anspa ren t  fu rnace ,  so  t h a t  we can see e x a c t l y  what 

is occurr ing.  
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4. Twinning of Dodecandicarboxylic A c s  
(Rahda Sen Jayara j  and W i l l i a m  R .  Wilcox) 

The o b j e c t i v e  of t h i s  research was t o  e l u c i d a t e  t h e  causes  of twinning 

during c r y s t a l  growth. The research completed t h e  Ph.D. t h e s i s  mentioned in  

s e c t i o n  3 ,  and yielded t h e  paper i n  Appendix G. 

A s ea rch  was i n i t i a t e d  f o r  a ma te r i a l  whose twins a r e  r e a d i l y  i d e n t i f i e d  

i n  t r ansmi t t ed  po la r i zed  l i g h t .  Dodecanedioc ac id  proved very u s e f u l .  Thin 

f i l m s  were prepared and d i r e c t i o n a l l y  s o l i d i f i e d  under the  microscope. 

began i n  p o l y c r y s t a l l i n e  r eg ions ,  i nd ica t ing  a n u c l e a t i o n  mechanism. They 

terminated by i n t e r s e c t i n g  one another or g r a i n  boundaries.  

Twins 

The average number of twins increased with inc reas ing  f r e e z i n g  r a t e  and 

i n c r e a s i n g  temperature g rad ien t .  Zone r e f i n i n g  reduced twin formation t o  near  

zero .  The tendency of impur i t i e s  to cause twins increased as t h e i r  molecular 

s i z e  and shape approached those of the  host  c r y s t a l .  Since one expects  t h e  

d i s t r i b u t i o n  c o e f f i c i e n t  t o  approach 1 ( a s  molecular s i z e  and shape become 

i d e n t i c a l ,  t h i s  corresonds t o  increased twin formation as the  d i s t r i b u t i o n  

c o e f f i c i e n t  approaches 1. 

any r e l a t i o n  between twin formation and c o n s t i t u t i o n a l  supercool ing.  

( C o n s t i t u t i o n a l  supercool ing increases wi th  inc reas ing  f r e e z i n g  r a t e  , 

decreasing temperature g r a d i e n t ,  and decreasing d i s t r i b u t i o n  c o e f f i c i e n t . )  

Note tha t  t h e s e  obse rva t ions  do not correspond t o  

A crude model which is  consis tent  w i th  t h e  r e s u l t s  follows. Twins a r e  

formed during n u c l e a t i o n  of new g ra ins ,  which inc reases  as t h e  f r e e z i n g  r a t e  

i nc reases .  Thermal stress , which increases  as temperature g r a d i e n t  i n c r e a s e s ,  

causes  more twins t o  form in the  nucleat ion process .  I m p u r i t i e s  lower t h e  

twin energy and so favor  twin formation. 

s u b s t i t u t e  f o r  t h e  host  molecules a re  those wi th  s i m i l a r  s i z e  and shape. 

The i m p u r i t i e s  most a b l e  t o  
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The i n f l u e n c e  of opera t ing  parameters  on convec t ion  i n  t h e  

Bridgman-Stockbarger technique was s t u d i e d  w i t h  a t r a n s p a r e n t  fu rnace  

and m e l t .  The convec t ive  f i e l d  w a s  v e r y  s e n s i t i v e  t o  t h e  thermal  

p r o f i l e  of t h e  furnace.  Convection was n e a r l y  n o n e x i s t e n t  nea r  t h e  

i n t e r f a c e  i n  t h e  v e r t i c a l l y  s t a b i l i z e d  thermal c o n f i g u r a t i o n  

( t empera tu re  i n c r e a s i n g  wi th  h e i g h t ) .  With t h e  a d d i t i o n  of a s h o r t  

b o o s t e r  h e a t e r  between t h e  main h e a t e r  and t h e  coo le r ,  a d e s t a b i l i z e d  

t empera tu re  g r a d i e n t  w a s  produced n e a r  t h e  i n t e r f a c e  and s i g n i f i c a n t  

convec t ion  w a s  produced throughout t h e  e n t i r e  m e l t .  Convective 

v e l o c i t i e s  i n c r e a s e d  as power t o  t h e  b o o s t e r  h e a t e r  was inc reased .  

Convection w a s  u s u a l l y  asymmetrical. Only by c a r e f u l  ad jus tment  of 

t h e  h e a t i n g  c o n d i t i o n s  could a symmetrical  flow f i e l d  be produced. 
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1. I n t r o d u c t i o n  

The need i n  r e c e n t  years  t o  produce more homogeneous c r y s t a l s  has  

made d i r e c t i o n a l  s o l i d i f i c a t i o n  a t o p i c  of i n t e n s i v e  r e sea rch .  Ea r ly  

t h e o r e t i c a l  s t u d i e s  were on t h e  e f f e c t s  of h e a t  t r a n s f e r  on t h e  shape 

of t h e  m e l t / s o l i d  i n t e r f a c e ;  an impor tan t  parameter  i n  c o n t r o l l i n g  

thermal stress, g r a i n  s e l e c t i o n .  and component s e g r e g a t i o n  11.21 . 
Most models assume t h a t  heat t r a n s f e r  w i t h i n  t h e  m e l t  occu r s  on ly  by 

conduction. While t h i s  may be  a v a l i d  a s s u n p t i o n  f o r  low P r a n d t l  

number f l u i d s .  t h e  e f f e c t s  of convec t ion  on c r y s t a l  composi t ion  are by 

no means n e g l i g i b l e .  The microscopic d i s t r i b u t i o n  of components a t  

, 

t h e  i n t e r f a c e  i s  o f t e n  ex t remely  s e n s i t i v e  t o  s m a l l  changes i n  

convec t ive  flow p a t t e r n s .  Because t h e  response of most e l e c t r o n i c  

dev ices  i s  s t r o n g l y  r e l a t e d  t o  t h e i r  composition. convec t ive  t r a n s p o r t  

i n  melt growth systems has been a c t i v e l y  i n v e s t i g a t e d  i n  r e c e n t  y e a r s  

13-10] . 
Workers a t  MIT and Clarkson developed two-dimensional numerical  

models t o  s tudy convec t ion  [7,91. Since a s y m m e t r i c a l  convec t ive  

f i e l d  is an a p r i o r i  assumption i n  any two-dimensional model. t h e s e  

i n v e s t i g a t i o n s  cannot provide i n  s i g h t  i n t o  t h e  three-dimensional 

c h a r a c t e r i s t i c s  of a flow f i e l d  con ta ined  i n  a less  t h a n  p e r f e c t l y  

symmetrical t e n p e r a t u r e  f i e l d .  

Recent exper imenta l  i n v e s t i g a t i o n s  done h e r e  wi th  low melt ing.  

low thermal conduc t iv i ty  materials showed s t r o n g l y  asymmetrical  

convec t ion  [ lo ] .  It was proposed t h a t  t h i s  t ype  of flow behav io r  may 

be f a i r l y  common, as evidenced by composi t iona l  s t r i a t i o n s  and 

azimuthal composition v a r i a t i o n s  observed i n  many s i n g l e  c r y s t a l s .  

Our goal i n  t h e  p re sen t  work was t o  more p r e c i s e l y  c h a r a c t e r i z e  t h e  

r e l a t i o n s h i p  between t h e  tempera ture  f i e l d  of t h e  fu rnace  and t h e  

2 
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SUMMARY 

.- 
The o v e r a l l  o b j e c t i v e  of t h i s  r e sea rch  was t o  e l u c i d a t e  phenomena of 

importance t o  d i r e c t i o n a l  s o l i d i f i c a t i o n  i n  space.  We used a combinat ion  of 

t h e o r y ,  l abo ra to ry  experiments,  and experiments i n  t h e  KC135. The r e s e a r c h  

has produced 5 pape r s ,  a completed Ph.D. t h e s i s ,  p rog res s  toward ano the r  Ph.D. 

t h e s i s ,  a completed M.S. t h e s i s ,  the major p a r t  of another  M.S. t h e s i s ,  and 

the  beginning of a Ph.D. p r o j e c t .  The l a t t e r  M.S. t h e s i s  i s  included h e r e  a s  

an appendix. I t  w i l l  y i e l d  one paper. When t h e  second Ph.D. t h e s i s  i s  

complete i t  w i l l  r e s u l t  i n  s e v e r a l  papers.  

Conclusions of our r e sea rch  are as fol lows:  

1. I n  t h e  v e r t i c a l  Bridgman-Stockbarger technique (BS), convection is o f t e n  

non axi-symmetric and may not  be s t eady ,  even when very g e n t l e .  

Appendix B) . 
(See 

L 

2. Convection in  BS depends c r i t i c a l l y  on t h e  v e r t i c a l  and c i r c u m f e r e n t i a l  

temperature  v a r i a t i o n s  i n  t h e  heater .  For example, t h e  convection nea r  

t h e  s o l i d - l i q u i d  i n t e r f a c e  increases  as t h e  v e r t i c a l  temperature  g r a d i e n t  

becomes more negat ive.  (See Appendix C).  

3. When t h e  temperature inc reases  with height  i n  BS t h e r e  may be n e g l i g i b l e  

convection near t he  f r eez ing  i n t e r f a c e  and t h e  i n t e r f a c e  remains p l a n a r  

over  a wide range of v e r t i c a l  pos i t i ons .  (See Appendix C ) .  

4. I n  moderate P r a n d t l  number melts t h e  temperature f i e l d  and t h e  i n t e r f a c e  

shape i n  BS a r e  s e n s i t i v e  t o  convection. (See Appendix A). 

5. The two-dimensional temperature f i e l d  i n  BS wi th  conduction on ly  may be 

computed r a p i d l y  using our new methods. (See Appendix D). 
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6 .  I n  space, a l i qu id  which p a r t i a l l y  f i l l s  a non-wetted ampoule e i t h e r  

s epa ra t e s  i n t o  columns or t r aps  a gas  bubble on the  wa l l .  The gas bubble 

i s  unstable  beyond a c r i t i c a l  s i z e  which dec reases  as t h e  con tac t  angle  

inc reases .  

7 .  I n  a t r i a n g u l a r  ampoule t h e  l i q u i d  c o n t a c t s  t h e  w a l l s  on ly  over  f i n i t e  

widths  which dec rease  a s  t he  con tac t  ang le  i n c r e a s e s .  

8. I n  dodecanedioc ac id  (DDA) the  number of twins inc reases  wi th  i n c r e a s i n g  

temperature g r a d i e n t ,  i nc reas ing  f r e e z i n g  r a t e ,  and inc reas ing  impuri ty  

con ten t  when t h e  impurity molecules a r e  s i m i l a r  i n  s i z e  and shape t o  DDA. 
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1. Convection and Heat Transfer in  t h e  Bridgman-Stockbarger TechnaEg 
(Hilary P o t t s ,  Greg Neugebauer and William R .  Wilcox) 

The o b j e c t i v e  of t h i s  r e sea rch  was t o  determine t h e  in f luence  of t h e  

h e a t e r  cond i t ions  on convection and heat  t r a n s f e r  i n  the  Bridgman-Stockbarger 

technique. A t  t h e  terminat ion of t h i s  c o n t r a c t  on September 30, 1986, two 

papers  had been submitted f o r  pub l i ca t ion ,  one M.S. t h e s i s  had been completed, 

and r e sea rch  f o r  a second M.S. t h e s i s  had been completed. Since t h e n ,  one 

paper has been published (Appendix A) and t h e  second t h e s i s  completed 

(Appendix C) . 
Experiments were performed in  s e v e r a l  d i f f e r e n t  t r a n s p a r e n t  apparatuses  

using o rgan ic  compounds as working materials. 

p a r t i c l e s  f l o a t i n g  i n  t h e  melt .  Temperatures were measured a t  s e v e r a l  

l o c a t  ions using f i n e  thermocouples 

F lu id  motion was revealed by 

In  t h e  f i r s t  s e t  of experiments, desc r ibed  in  Appendices A and B y  heat ing 

and cooling were accomplished with a g i t a t e d  baths  separated by a polymer 

diaphragn. Temperature v a r i e d  only s l i g h t l y  throughout t he  ba ths .  Convection 

occurred i n  t h e  m e l t ,  as p red ic t ed  by t h e  computer models of P ro fes so r  Carlson 

a t  Clarkson and Professor  Brown a t  MIT. However t h e  convection was 

non-axisymmetric and non-steady, unl ike t h e  t h e o r e t i c a l  p r e d i c t i o n s .  

a t t r i b u t e d  t o  a s l i g h t  lack of symmetry and t o  f l u c t u a t i o n s  in  t h e  hea t ing  

ba th .  The convection in  t h e  m e l t ,  while g e n t l e ,  none the le s s  s i g n i f i c a n t l y  

increased heat  t r a n s f e r  i n  t h e  melt and a l t e r e d  t h e  i n t e r f a c e  shape and 

p o s i t i o n .  

organic  l i q u i d s .  

This  was 

This  i s  a r e f l e c t i o n  of t h e  moderately l a r g e  P r a n d t l  number of 

In  o rde r  t o  i n v e s t i g a t e  more thoroughly t h e  e f f e c t  of hea t ing  c o n d i t i o n s  

on convect ion,  an unique apparatus  was constructed.  A s  descr ibed i n  d e t a i l  i n  

Appendix C, long v e r t i c a l  heat ing wires were embedded in  a p l a s t i c  r e s i n  which 

3 



surrounded the ampoule. A shor t  heater  cons t ruc t ed  i n  t h i s  manner was placed 

between the  long hea te r  and t h e  cooling ba th .  W i t h  t h i s  appa ra tus  t h e  

v e r t i c a l  and c i r cumfe ren t i a l  v a r i a t i o n  of h e a t e r  temperature  could be s e t  over 

a wide range, without convect ive heat t r a n s f e r  between t h e  h e a t e r  and t h e  

ampoule. 

When no power was app l i ed  t o  the  sho r t  h e a t e r ,  t h e r e  was n e g l i g i b l e  

convection in the  melt near t h e  so l id - l iqu id  i n t e r f a c e .  

temperature increased s t e a d i l y  with h e i g h t ,  producing ve ry  small  r a d i a l  

temperature g r a d i e n t s .  

so l id - l iqu id  i n t e r f a c e  r e g a r d l e s s  of i t s  p o s i t i o n  i n  t h e  ampoule. 

Th i s  was because t h e  

This  was manifested by achievement of a n e a r l y  p l a n a r  

As power was increased t o  t h e  sho r t  h e a t e r ,  convection in  t h e  melt  nea r  

t he  i n t e r f a c e  s t e a d i l y  increased.  Careful  adjustment of t h e  d i s t r i b u t i o n  of 

power t o  the heat ing wires  was r equ i r ed  t o  achieve axi-symmetric convect ive in  

t h e  melt .  S l igh t  t i l t i n g  of t h e  apparatus  o r  small  c i r c u m f e r e n t i a l  v a r i a t i o n s  

in  temperature caused t h e  convection t o  become non symmetric. 
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2. Mathematical Model of Heat Conduction in  t h e  
B r  i d  gman - S t o c kbgr g e r T e c h n i w  

(Rogerio Ba la r t  and Theodore Papatheodorou) 

This  r e sea rch  was c a r r i e d  o u t  by a d o c t o r a l  s t u d e n t ,  Rogerio B a l a r t ,  

under the  d i r e c t i o n  of P ro fes so r  Papatheodorou. Papatheodorou moved from 

Clarkson t o  Greece l a s t  summer. Since then Mr. Balar t ' s  r e s e a r c h  has been 

d i r e c t e d  by Dean Mark Ablowitz and he has been paid from Ablowitz's funds. 

r e p o r t  of r e s u l t s  obtained be fo re  Papatheodorous's d e p a r t u r e  i s  in  Appendix 

D.  

A 

The o r i g i n a l  o b j e c t i v e  of t h i s  r e s e a r c h  was t o  develop computer programs 

f o r  convect ive heat t r a n s f e r  f o r  high P r a n d t l  number me l t s  i n  t h e  

Bridgman-Stockbarger technique. T h i s  i s  a very d i f f i c u l t  problem because of 

t he  c l o s e  coupling between heat t r a n s f e r  and bouyancy-driven convection. The 

computer programs of Brown and Carlson a r e  u s e f u l  only f o r  very small  P r a n d t l  

number, f o r  which t h e  heat t r a n s f e r  i s  inf luenced only s l i g h t l y  by t h e  

convect ion.  

w 

By t h e  terminat ion of t h e  con t r ac t  Ba la r t  had succeeded i n  developing a 

gene ra l  a n a l y t i c a l  s o l u t i o n  f o r  two-dimensional conduct ive heat  t r a n s f e r  

(Appendix D). 

c a l c u l a t i o n s  a r e  r e q u i r e d ,  b u t  very much less than f o r  n f i n i t e  d i f f e r e n c e  o r  

f i n i t e  element numerical s o l u t i o n .  

In orde r  t o  o b t a i n  numerical va lues  f o r  temperature ,  computer 

Mr. Bala r t ' s  assignment f o r  the remainder of h i s  Ph.D. t h e s i s  i s  t o  

develop a n a l y t i c a l  and/or  numerical  methods f o r  convection. He may, f o r  

example, determine t h e  h e a t e r  p r o f i l e  cond i t ions  r equ i r ed  f o r  t h e  onset of 

convection. 

5 



3. Melt Behavior during S o l i d i f i c a t i o n  i n  Space 
(Rahda Sen J a y a r a j  and William R .  Wilcox) 

P r i o r  research by American, European and Soviet  i n v e s t i g a t o r s  has shown 

t h a t  ingots  s o l i d i f i e d  i n  space f r equen t ly  have sma l l e r  diameters  than t h e i r  

ampoules. T h i s  has been a t t r i b u t e d  t o  non-wetting of t h e  ampoule by t h e  m e l t ,  

causing t h e  melt t o  p u l l  away from t h e  ampoule w a l l  p r i o r  t o  s o l i d i f i c a t i o n .  

The ob jec t ive  of our r e s e a r c h  was t o  t es t  t h i s  explanat ion.  Two papers  and a 

po r t ion  of a Ph.D. t h e s i s  r e s u l t e d  from t h i s  work. 

As described in  Appendix E ,  experiments were performed i n  fou r  KC-135 

f l i g h t s .  Several t ypes  of ampoules were f i l l e d  w i t h  non-wetting l i q u i d s .  The 

ampoules were a t t ached  t o  a video camera, which was p e r i o d i c a l l y  shaken and 

r e l eased  during the  low g p o r t i o n s  of t h e  f l i g h t .  

I n  c y l i n d r i c a l  ampoules, t h e  a i r  e i t h e r  formed one or more l a r g e  bubbles 

along t h e  ampoule wa l l  or served t o  s e p a r a t e  t h e  l i q u i d  i n t o  columns. There 

was a maximum s t a b l e  bubble s i z e ,  which was confirmed by t h e  t h e o r e t i c a l  

t reatment  given in  Appendix F. 

I n  t r i a n g u l a r  ampoules, t h e  l i q u i d  pu l l ed  away from t h e  co rne r s  and 

contacted the walls only over  f i n i t e  widths.  The con tac t  width was c o r r e c t l y  

p red ic t ed  by theo ry ,  which a l s o  p r e d i c t s  a c r i t i c a l  con tac t  angle  beyond which 

con tac t  would be inf  i n i t e m a l l y  t h i n .  

These r e s u l t s  do no t  explain t h e  r e s u l t s  of s o l i d i f i c a t i o n  in  space.  I n  

o rde r  t o  explain t h e  f l i g h t  r e s u l t s ,  s o l i d i f i c a t i o n  experiments must be 

performed i n  space i n  a t r anspa ren t  fu rnace ,  so t h a t  we can s e e  e x a c t l y  what 

i s  occurr ing.  
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4. Twinning of Dodecandicarboxvlic A c i d  
(Rahda Sen Jayare j  and William R .  Wilcox) 

The o b j e c t i v e  of t h i s  research was t o  e l u c i d a t e  t h e  causes of twinning 

during c r y s t a l  growth. The research completed t h e  Ph.D. t h e s i s  mentioned in  

s e c t i o n  3 ,  and yielded t h e  paper i n  Appendix G .  

A sea rch  was i n i t i a t e d  f o r  a ma te r i a l  whose twins a r e  r e a d i l y  i d e n t i f i e d  

i n  t r ansmi t t ed  po la r i zed  l i g h t .  Dodecanedioc ac id  proved very u s e f u l .  Thin 

f i l m s  were prepared and d i r e c t i o n a l l y  s o l i d i f i e d  under the  microscope. 

began i n  p o l y c r y s t a l l i n e  r eg ions ,  i nd ica t ing  a n u c l e a t i o n  mechanism. They 

terminated by i n t e r s e c t i n g  one another o r  g r a i n  boundaries.  

Twins 

The average number of twins increased with inc reas ing  f r e e z i n g  r a t e  and 

inc reas ing  temperature g r a d i e n t .  Zone r e f i n i n g  reduced twin formation t o  near 

zero.  The tendency of impur i t i e s  to cause twins increased as t h e i r  molecular 

s i z e  and shape approached those of t h e  host  c r y s t a l .  Since one expects  t h e  

d i s t r i b u t i o n  c o e f f i c i e n t  t o  approach 1 ( a s  molecular s i z e  and shape become 

i d e n t i c a l ,  t h i s  corresonds t o  increased twin formation as the  d i s t r i b u t i o n  

c o e f f i c i e n t  approaches 1. 

any r e l a t i o n  between twin formation and c o n s t i t u t i o n a l  supercool ing.  

( C o n s t i t u t i o n a l  supercool ing increases  wi th  inc reas ing  f r e e z i n g  r a t e ,  

decreasing temperature g r a d i e n t ,  and decreasing d i s t r i b u t i o n  c o e f f i c i e n t . )  

Note tha t  t h e s e  obse rva t ions  do not correspond t o  

A crude model which i s  cons i s t en t  with t h e  r e s u l t s  follows. Twins a r e  

formed during n u c l e a t i o n  of new g ra ins ,  which inc reases  as t h e  f r e e z i n g  r a t e  

i nc reases .  Thermal s t ress ,  which increases  as temperature g r a d i e n t  i n c r e a s e s ,  

causes  more twins t o  form in  the  nucleat ion process .  I m p u r i t i e s  lower t h e  

twin energy and s o  favor  twin formation. The i m p u r i t i e s  most a b l e  t o  

s u b s t i t u t e  f o r  t h e  host molecules a re  those wi th  s i m i l a r  s i z e  and shape. 
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Temperature niensurements were made throughout I naphthalene tnelt and solid in ii simulated Rritlgm;tn Stockharger ;ipp;irutus. 
t-leiiring and cooling were provided by agitated baths separated hy ii polymer diqhriigiii. While iigitiitioii was sull'iciciit to give 
uniform temperatures in the baths. the level of agitation in the heater strongly influenced the results. tJiilike tlieoreticd results for 
high thermal conductivity materials. natural convection in the melt had a strong influence on interlace position and on the 
temperature distribution. Isotherms were relatively flat in the solid and both curved and erratic in the melt. 'I'he interface hecame 
more convex as i t  was moved higher into the heating bath by raising either the heating bath or  cooling hath temperatures. Using a 
one-dimensional model, the Biot number in the cooler was determined to be 0.03. that for the solid in the heater 0.008, and for the 
molten region in the heater 0.3. Biot numbers for two o r  three dimensional models would be significantly different. 

1. Introduction 

Chang and Wilcox [l] pioneered the use of 
anlytical methods to predict the influence of 
changes i n  operating parameters and material 
parameters on changes in interface shape and 
position in the Bridgman-Stockbarger technique. 
A simple two-dimensional cylindrical model was 
employed, in which convection in the melt was 
neglected, titid assuming constant properties, an 
infinitely long cylindrical sample with no ampoule, 
constant temperatures in the heater and cooler 
with a step function change between them, and a 
constant heat transfer coefficient h between the 
sample and its surroundings. From this model they 
predicted that the interface shape is very sensitive 
to its position, and that its position is determined 
by the heater and cooler temperatures. Lowering 
either of these temperatures moves the interface 
upwards from the cooler into the heater. A planar 
interface is expected only when it is at the 
boundary between the heater and the cooler. It 
becomes more convex as it is moved into the 
heater and concave i f  it is moved into the cooler. 
The sensitivity to heater and cooler temperatures 
increases as the radius R is increased, h is in- 
creased, and the material thermal conductivity k is 
decreased (Le. for small Biot number, H = h R / k ) .  

, 

Chang and Wilcox also performed a one-dimen- 
sional analysis to determine the influence of amp- 
ule lowering rate and the influence of proximity to 
the end of the cylinder on interface position. In 
such a one-dimensional analysis the temperature is 
assumed to vary only with axial position z and not 
with radius r.  This is a reasonable assumption 
when the Biot number H is small. 

Since Chang and Wilcox, many others have 
studied the influence of rcrnoving simplirying ;IS- 
sumptions and of additional variables, always neg- 
lecting convection. Most of these have been one- 
dimensional analyses. Recently Chang and Brown 
[2] and Chin and Carlson [3] used numerical meth- 
ods to study heat transfer in high thermal conduc- 
tivity materials with convection. They concluded 
that under usual Bridgman-Stockbarger condi- 
tions with large k the convection has little in- 
fluence on the interface shape or thermal field. (A 
very large influence on impurity segregation and 
homogeneity is expected.) 

In an older study, Tien [4] numerically analyzed 
heat transfer with convection for a low k material. 
He used experimentally measured wall tempera- 
tures. With low k the convection has some in- 
fluence on the temperature field i n  the melt and on 
the interface shape. 

We report here the results of measurements of 

0022-0248/85/$03.30 0 Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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tlie three-dimensional temperature field in the 
Dridgman-Stockbarger technique with low k and 
moderately large R .  

2. Experimental 

The details of the experiments are given 
elsewliere IS]. Fig. 1 shows the apparatus, which is 
like that used by Tien (41, except that our di- 
ap1ir;igm wits thicker and made of a sandwich of 
1.57 n i n i  thick Teflon inside 1.57 mni thick sili- 
cone ruhher sheets. The ampoule was Pyrex, 2 cm 
ID by 40 cm long with a 1 mm wall thickness, and 

approuiiiiately X O O C .  
Five copper-constantan thermocouples located 

througliout the lower bath detected no tempera- 

CCZ!::~::C:! ~::ph:l;~!cfic W i i h  ;i iiieliiiig puiiii OF 

ture variations, and ii rnLiximuni difference of 1 OC'  

from the constant temperature hath. To niakc the 
temperature in the upper hath uniform, sufficient 
stirring was required that air bubbles were en- 
trained in the glycerine. Stirring below this level 
produced asymmetric heating, with the interface 
lower on the side of tlie iinipoule nearest tlic 
Iicater. Figs. 2 ;ind 3 h o w  interlxe sliapcs for 
these two levels ;if stirring for  different licatiiig 
hath temperatures T,, and cooling hath tempera- 
tures T ( A T =  TI,  - T ) .  Therefore for u l l  subsc- 
qiient runs the higher stirring level was used. 

In the cold region (below the diaphragm), teni- 
perature were measured by copper--constant~iii 
iiierniocoupies. The 0.i ZT mm Tetion-coated wires 
were inszrted through di~imztric~illy opposed holes 
in the Pyrex tube. Therniocouple junctions were 
located radially at the center, 5 nim out from the 
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center. ;itid at the tube wall; they were placed 
:ixi;illy at I CI I I  intervals. I n  the melt ii therniocou- 
plc prohe was used, ccwsistiiig of the above wire i n  
i I  3 i i i m  OD Pyrex pipette. When moved near the 
solid liquid interface i t  did not appreciably alter 
 lie interface shape. N o  temperature nieasureinents 
WCIC taken between the diaphragrii and the 
solid liquid interface. 

I Icating bath temperatures ranged from 82 to 
90°C' and cooling bath teinperatures from 22 to 
32°C' .  Ilntler these conditions the interface w;is 
aliv:iys convex, as sliown in figs. 2 and 3. At 
'1: = S0"C and TI, = 90°C tile interface was within 
lhc diaphragm and presumably planar. At T. = 

7 5 " ( '  u i c l  'I;, = 90°(' i t  wiis within the cooler ;ind 

Alter 8 h or more from start-up, teniperature 
rc;itliiigs were taken ;it 30 rnin intervals. After 
s(*vor;iI aclditioiiat hours. wlien the teiiiperutures 
i i o  Ioiiprt cli;inged by 0 .3"C'  over ;in hour, data 

W;lS lWIICilVe. 

were recorded. Each experimental condition w i 5  

re-run one to three times. The standard d w i : i t i o i i s  
Cor temperature at particular locaticrns r ; ingd f r o m  
0.14 to 0.29"C, with 10 to 30 observations lor 
each. 

As described i n  a companion paper 161. ~ ~ ~ i \ ' c c -  
t i o n  i n  the niell was observed for low stirring in  
the heating bath. Melt velocities iie;ir the 
solid-liquid interface ranged from 0.08 to 0.84 
nim/s, and showed no correlation with T .  T,, o r  
d T. 

3. Results 

Figs. 4 and 5 show typical results lor tempera- 
ture versus height along the center of the ampule. 

were calculated and isotherins interpolated. Figs. 6 
and 7 show typical isotherms, while fig. 8 hliows 

From such plots. interfacial temperature gr.1 ' L 1 '  lellts 
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l‘ig. 3 ,  IIiizrfxcs \Ii;tpcs for low biirring ( -  - -) ;ind high atirring ( -  

the interfacial temperature gradient aT/Sz versus 
1 T. No clepeiidmce of aT/& oil interfiice posi- 
t io t i  iv;i s o t i  served. 

Fig. 9 shows the dependence of average inter- 
face position -7, versus E (the ratio of the amount 
by which the heating bath temperature T,, exceeds 
the melting point 7],, = 80°C to the amount by 
which the cooler temperature T is below ql,). 

Fig. 1 0  shows D (the ratio of the amouni of 
tcnipcr;ittire change above the diaphragm center to 
t ha t bel ow ) vers ti s 

- 

E = ( TI, - T,, I / (  Tll - T ) .  
I [ere thc diiipliragm temperature 
hy  intrrpolirtion in the T versus z plots. 

1. Aniily~is :ind discussion 

wirs oht;iined 

To interpret these results i t  is useful t o  use a 
one-dimensional analysis, as in ref. 111. We neglect 

I 

the diaphragm and assume the ampoule is in- 
finitely long, which is good since the tciiiper;itiircb 
in the solid and melt reach 7; ;inti ‘/’,, long before 
the ends of the ampoule. First we neglect dif- 
ferences in properties and assume the Biot number 
If = h R / k  is different in the heater and in the 
cooler, but constant within each. Following prior 
workers, we find that the general solution t o  the 
d i f ferent ia I equation is 

T -  T I = ( ] ,  exp[(ZH)”’z/H] 

+a e x p ( - ( 2 / 1 ) ” ? : / R ] ,  ( 1 )  

whew T,  = T,, or is tlic ;iiirl>icnt (h;ith) tcmpcr;i- 
tiire i inJ  N ,  and ( I  ;ire constants to he <le- 
termined from the bound;iry coiiditions, 

T = T I ,  ; I (  :=M, 

T=7;.  at z = - - o o ,  
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and T and dT/dr  are continuous wherever two 
regions meet. 

From the foregoing we find 

D = (7'1, - TI )/( Td - q )  = ( Hc/Hil)"2, (4) 

\vhrre the subscripts c and h denote values in the 
cooler and heater, respectively. Note that this pre- 
dicts that 

D = (TI, - TI ) A  Td - T.) 
is independent of 

E = ( Th - 711, I / (  - T, 1 9  

I 

I 
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Fig. 7. Isotherms for T,  = 22'C and Th = 90°C. Every 1 "C 
from 22 io 28°C and 83 io 89°C'. 

which fig. 10 shows was untrue. The implication is 
that H ,  increased as T,, and T were increased. As 
fig. 9 shows, increasing T,, and T. moved the 
interface down, so that more of the material was 
molten. 

To understand why 11, might depend on inter- 
face position z , ,  consider the three resistances to 
radial heat transfer between the material in the 
ampoule and the bath outside i t .  First there is the 
ampoule wall. Its resistance is independent o f  
whether the material is melted or  not. Second is 
convective heat transfer between the outside of the 
ampoule wall and the hath. While this might be 
somewhat lower near the diaphragm and far from 
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tlie stirrer, this should not be a large effect and 
sliould not  depend appreciably on the heater and 
cooler teniperatures. l'hird is heat transfer between 
the entire material within the ampoule and the 
inside wall of the ampoule. When the material is 
solid, this occurs by conduction only. When i t  is 
iiiolteii, convectiori makes a large contribirtioii for  
low thernial conductivity materials. In addition, 
convection i n  the melt increases the effective ther- 
mal conductivity k .  wliich tends to lower Ill, .  This 
k is a measure of axial heat transfer. Since Ifll 
increased. apparently the influence of convection 
on radial heat transfer was larger than that on 
axial heat transfer. 

We can estiniate the ratio of convective to 
conduction contributions to heat transfer by a 
Peclet number VpC,,R/k,  where V is the convec- 
tive velocities near the interface, p is the density of 
naphthalene, C,, its mass heat capacity and k its 
thermal conductivity. From the measured convec- 
tive velocities we calculate thereby a Peclet num- 
her of 1200 to 12,000. Thus we would expect / I ,  k 
and I 1  for the molten region to be quite different 
from those for the solid material in  the heater. We 

denote these with subscripts m and s, respectively. 
We now apply our one-diinensional aiialvsis to 

a cylinder with three regions, that i n  tlie cooler (c). 
solid in the heater (s), and melt i n  the heater (m). 
This yields the following relationship betwren E 
and L): 

E=(T , , -T , , ) / (T , , -T , )= f / ( l  +D-/). ( 5 )  

where 

f =  O S (  [ D + ( H c / H , ) 1 " 2 ]  A'/' 

+ [ D - ( H, /Cf5 ) ' / ' ]  / A 1 / ' ] ,  ( 6 )  

A =  -.  ( 7 )  
[ - D + ( t f J H , ) ' / ? J [ I  + ( H , / H , l l ) " ' ]  

[ D + ( H , / W 2 ] [ 1  - ( H 5 / 4 Y ]  

By trial and error the values ( HJH,)''' = 2.0 and 
( H5/H,, l ) i '2  = 0.15 were found to best f i t  tlie data 
of fig. 10. The solid curve shown in fig. 10 is eq. 
(5) with these Biot number ratios. 

( H ~ / I ~ ~ , ~  )'I2 = 0.31 compares well with thc vaIirr 
of 1/3 obtained from eq. (4) and the observation 

T h e  product ( H , / C l , ) ' / 2 (  l l , /H , , ,  )I;': = 
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Fig. 9. A\er;rge interface poaition E versus ratio of temperature ch;lilge ahove interface to th;it below. Valuer of Y / R  are good t o  
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( / / , / I / , , ,  1 '  ' = 0.15. I / ,  = 0.0076. ( -  - -) Fit via eq. (9) with I / ,=  /I,,, = //I, = 0.016 and / I ,  = 0.080. 
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that the interface is within the diaphragm for 
TI, = 90°C and T. = 50°C. 

The same one-dimensional analysis as above 
may be used to find for the interface position: 

z ,  = - R In[ A / 2 ( 2 1 1 , ) 1 ’ 2 ] .  (8) 

We obtain the best f i t  to the data of fig. 9 using 
If, = 0.0076 with the values of Hc/1i5 and H,/H,, ,  
found above. The solid curve in fig. 9 shows this 
f i t .  Together the above values yield 11, = 0.031 
and I{,,, = 0.033. 

Alternatively we can f i t  the data of fig. 9 using 
the one-dimensional model for H ,  = H ,  = H , ,  for 
which : 

The best f i t  is shown as the dashed line in fig. 9, 
with HI, = 0.016, ( H , / f l , ) ’ / 2  = 0.44 and H ,  = 
0.080. On the other hand, application of eq. 4 to 
fig. 10 yields a very poor f i t  with D = ( H c / H , ) ” Z  
= 0.9. Thus versus E data can be f i t  equally well 
for a H, = /in, = H, model as for a H ,  # ti,,, 
inodel, while E versus D data can only be f i t  by 
assuming Hs # H,,,. 

Note that the Biot numbers determined above 
are for a one-dimensional viewpoint in which at 
any value of z we consider an average temperature 
for that section and heat transfer to the surround- 
ings from the average solid. In a two-dimensional 
viewpoint the Biot number would be for heat 
transfer from the solid only at the ampoule wall to 
the surroundings. That is, the one-dimensional Biot 
number includes some radial heat transfer through 
the material in the ampoule, whereas the two-di- 
inensional Biot nuinbcr does not. Consequently 
for a solid material in  the ampoule the two-dimen- 
sional Biot number is larger, and much larger for 
small thermal conductivity materials. The reverse 
is true for the melt, because convection greatly 
increases the effective value of k i n  the one-di- 
mensional model, while the true k for the melt 
would be used in a two-dimensional analysis. 1 t 
cm: be inferred from tlie results presented here 
that two- or three-dimensional models for low k 
niaterials must take into account convective heat 
transfer i n  the nielt. 

Some additional observations follow. Figs. 2 

and 3 show that higher stirring in the heating bath 
increases the interface curvature when the inter- 
face is far from the diaphragm. This reflects the 
greater heat transfer to the bath, thereby causing 
an increased radial temperature gradient inside the 
ampoule. The interface in general is also moved 
downward, as would be expected from an in- 
creased H ,  and H,, in eq. (8). 

The isotherms in the solid in figs. 6 and 7 are 
remarkably flat. Those in the melt are both curved 
and erratic, probably due to the convective heat 
transfer in the melt. 

Recent experiments at Clarkson have shown 
that the intensity of convection i n  the BS tecli- 
nique depends critically on the way the ampoule is 
heated [7]. A uniform temperature in  the heater. as 
in the present experiments and in the usual theo- 
ries (e.g., refs. 12-41). gives convection. A small 
“ tickler heater” placed near the solid-liquid inter- 
face can produce a maximum in temperature in i t  
and increase the amount of convection. On the 
other hand, the wound resistance heater usually 
used for BS growth produces a maximum in tein- 
perature about half way up i t .  In this situation the 
convection can become negligible below the maxi- 
mum near the interface and vigorous above the 
maximum high in the ampoule (where i t  has little 
influence on impurity segregation). 
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CHAOTIC ASYMMETRIC CONVECTION IN THE BRIDGMAN-STOCKBARGER TECHNIQUE 

Hilary P o t t s  and William R. Wilcox 
Department of Chemical Engineering, Clarkson Un ive r s i ty  

Potsdam, New York 13676, USA 

Abstract  

Convection was observed in  naphthalene i n  a v e r t i c a l  Bridgman-Stockbarger 

arrangement. D i f f e r i n g  from t h e  assumptions of t h e  t h e o r i s t s ,  the flow was 

n e i t h e r  s teady nor axi-symmetric because of t h e  heat ing and cool ing cond i t ions  

employed. I t  is suggested t h a t  such i r r e g u l a r  convection may be common and 

cause compositional s t r i a t i o n s  and azimuthal composition v a r i a t i o n s .  
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1 .  In t roduc t ioq  

A g r e a t  many s implifying assumptions have been made in  t h e  many a t t empt s  

t o  model t r anspor t  phenomena in  t h e  Bridgman-Stockbarger technique.  

One-dimensional models neg lec t  r a d i a l  heat  t r a n s f e r .  Two-dimensional 

c y l i n d r i c a l  models assume axi-symmetry and o f t e n  n e g l e c t  convection i n  t h e  

melt  as wel l .  Workers a t  MIT [ I ]  and a t  Clarkson [21  have developed 

two-dimensional models including axi-symmetric s t eady  convection f o r  high 

thermal conduc t iv i ty  m a t e r i a l s .  Tien [31 considered axi-symmetric heat  

t r a n s f e r  w i t h  s t eady  convection f o r  low k m a t e r i a l s .  The degree of convection 

expected f o r  t h e  usual  Bridgman-Stockbarger conf igu ra t ion  w i t h  t h e  h e a t e r  on 

top  does not s i g n i f i c a n t l y  in f luence  heat t r a n s f e r  i n  high k m a t e r i a l s ,  but  

can have a very la rge  e f f e c t  f o r  low k m a t e r i a l s .  Convection i s  expected t o  

s t r o n g l y  inf luence segregat ion and compositional homogeneity i n  a l l  

materials. 

A s  indicated above, when convection i n  t h e  m e l t  has been cons ide red ,  i t  

We has been assumed t o  be axi-symmetric and s teady (not  varying wi th  t ime) .  

r e p o r t  he re  on experimental  resu l t s  t h a t  i n d i c a t e  t h e s e  assumptions a r e  not  

always r e a l i z e d .  To achieve s t e a d y  axi-symmetric flow may r e q u i r e  g r e a t  c a r e  

i n  equipment des ign ,  e s p e c i a l l y  f o r  low-melting m a t e r i a l s  w i t h  a small  thermal 

conduct i v i  t y . 

2. Exper iment_s_ 

The experimental appa ra tus  is descr ibed i n  a companion paper.  D e t a i l s  

are given elsewhere [41. The convection was revealed by t r a c e r  p a r t i c l e s  in  

t h e  m e l t ,  observed by videotaping.  

from t h e  Emerson Corporation. 

pre-selected by suspending them i n  molten naphthalene and removing those t h a t  

s e t t l e d  or rose .  

The p a r t i c l e s  were ceramic micro-balloons 

Nearly n e u t r a l l y  buoyant micro-balloons were 

The videotapes were converted t o  a form u s e f u l  here  by 

2 



p lac ing  a t ransparent  g r i d  over t he  t e l e v i s i o n  monitor.  P a r t i c l e s  were 

t racked thereby f o r  5 minute periods. 

t h e  f r o n t  t o  back p o s i t i o n s  of t h e  p a r t i c l e s  r e l a t i v e  t o  t h e  camera a r e  

unknown . 

-' 
Because t h e  e n t i r e  ampoule was l i g h t e d ,  

3. R e s u l t s  and Discussion 

R e s u l t s  are shown i n  t h e  f igu res  f o r  d i f f e r e n t  c o o l e r l h e a t e r  combinations 

(Tc/Th). 

flow ar ises  along t h e  wal l  and f a l l s  i n  t h e  c e n t e r .  What we observed,  i n  

g e n e r a l ,  i s  flow f a l l i n g  nea r  t h e  r igh t  w a l l  and r i s i n g  along t h e  l e f t  w a l l  

(near  t h e  h e a t e r  in  t h e  b a t h ) .  

h ighe r ,  asymmetric convection pe r s i s t ed .  

g e n t l e ,  w a s  a l s o  e r r a t i c .  Sometimes a p a r t i c l e  moved i n  t he  o p p o s i t e  

d i r e c t i o n  t o  t h e  predominant r i g h t  t o  l e f t  flow along t h e  i n t e r f a c e .  Flow 

pa ths  v a r i e d  from p a r t i c l e  t o  p a r t i c l e .  

i n  a closed loop. 

For a convex i n t e r f a c e  i n  t h e  h e a t e r ,  t heo ry  [l-31 p r e d i c t s  t h a t  

Even when t h e  s t i r r i n g  in  t h e  b a t h  was turned 

Furthermore t h e  flow, wh i l e  very 

Only occas iona l ly  d i d  a p a r t i c l e  move 

Sometimes a p a r t i c l e  moved alodg i n  a roughly h e l i c a l  pa th .  

Segregation r e s u l t s  r epor t ed  i n  t h e  l i t e r a t u r e  show both impuri ty  

s t r i a t i o n s  marking t h e  instantaneous i n t e r f a c e  shape and non-axisymmetric 

compositions o r  doping [5-81. S e n s i t i v e  temperature measurements i n  a 

naphthalene Bridgman-Stockbarger melt revealed i r r e g u l a r  temperature 

f l u c t u a t i o n s  on t h e  o rde r  of l 0 C  [ 9 1 .  

ampoule cons i s t ed  of a surrounding Pyrex type wound wi th  nichrome wire ,  while  

t h e  bottom of t h e  ampoule hung o u t  i n  t h e  a i r . )  

convection cannot produce such resul ts .  Chaotic axymmetric convection can. 

Note t h a t  t h e  flow observed here was no t  t u r b u l e n t ,  which implies  edd ie s  of a 

wide range nf ecalee vi th ic  ego g ~ ~ t h e r ;  ~ n g t ~ e c t _ i n n  in the vertical 

Bridgman-Stockbarger technique w i t h  t h e  water on top & g e n t l e ,  i .e. laminar.  

Bu t  not s teady.  The b e s t  d e s c r i p t i v e  word seems t o  u s  t o  be "chaotic.I1 

(The h e a t e r  around the  top  of t h e  

Steady axisymmetric 
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Recent experiments have been performed a t  Clarkson using a h e a t e r  c a s t  

from p l a s t i c  around the  ampoule, s o  t h a t  heat t r a n s f e r  t o  t h e  ampoule w a l l s  

was by conduction r a t h e r  than convection [ l o ] .  

t o  produce completely axisymmetric f low,  t h e  convection was s t eady .  

conclude tha t  t he  o r i g i n  of t h e  c h a o t i c  convection in  low melt ing BS me l t s  i s  

While i t  was almost impossible 

Thus w e  

i r r e g u l a r  convective heat t r a n s f e r  between t h e  ampoule wal l s  and t h e  heat 

sou rce ,  as i n  t h e  p re sen t  experiments and i n  the  work of Ref. 9. This  would 

not  be expected in  high melt ing m a t e r i a l s  where heat  t r a n s f e r  between t h e  

ampoule and the  furnace w a l l s  i s  dominated by r a d i a t i o n .  

conduc t iv i ty  melts may a l s o  be more sub jec t  t o  chao t i c  convection than high 

Low thermal 

thermal  conduct ivi ty  mel ts  where e x t e r n a l  heat t r a n s f e r  f l u c t u a t i o n s  tend t o  

be damped out i n  t h e  m a t e r i a l  be fo re  they can in f luence  t h e  convect ion.  
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Ab s t rac t  

The i n f l u e n c e  of operat ing parameters on convec t ion  i n  t h e  

Bridgman-Stockbarger technique w a s  s t u d i e d  by observ ing  t h e  convec t ive  

flow i n  a model Bridgrsan system using a t r a n s p a r e n t  furnace and m e l t .  

The c h a r a c t e r i s t i c s  of t h e  convec t ive  f i e l d  were very  s e n s i t i v e  t o  

small v a r i a t i o n s  i n  t h e  thermal p r o f i l e  of t h e  furnace.  Convection 

w a s  n e a r l y  nonex i s t en t  nea r  t h e  i n t e r f a c e  i n  t h e  v e r t i c a l l y  s t a b i l i z e d  

thermal conf igu ra t ion .  With the a d d i t i o n  of a s h o r t  b o o s t e r  h e a t e r  

between t h e  main h e a t e r  and t h e  cooler ,  a d e s t a b i l i z e d  tempera ture  

g r a d i e n t  was produced nea r  the i n t e r f a c e  and s i g n i f i c a n t  convec t ion  

was produced throughout the e n t i r e  m e l t .  Convective v e l o c i t i e s  

i n c r e a s e d  as power t o  t h e  booster  h e a t e r  was increased.  Convection w a s  

u s u a l l y  asymmetrical. However under very  c a r e f u l l y  c o n t r o l l e d  

c o n d i t i o n s  a symmetrical flow f i e l d  could be produced. 
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Chapter I. 

In t roduc t ion  

B r i d e a n '  s o r i g i n a l  technique f o r  growing s i n g l e  c r y s t a l s  

c o n s i s t e d  of a s i n g l e  furnace through which a c y l i n d r i c a l ,  

pointed-bottom c o n t a i n e r  holding t h e  charge could be lowered. The 

Bridgman-Stockbarger technique was c r e a t e d  when Stockbarger  added a 

second fu rnace  which functioned as a cooler.  H e  s epa ra t ed  t h e  upper 

and lower fu rnaces  w i t h  a polished platinum thermal s c r e e n  designed t o  

promote a s t e e p  a x i a l  temperature g r a d i e n t  (1-3). This  method of 

d i r e c t i o n a l  s o l i d i f i c a t i o n  i s  used t o  grow s i n g l e  c r y s t a l s  of metals. 

organics,  d i e l e c t r i c  oxides,  f l uo r ides .  s u l f i d e s ,  and h a l i d e s  ( 3 ) .  

The need i n  r e c e n t  yea r s  t o  produce more homogeneous c r y s t a l s  has 

made d i r e c t i o n a l  s o l i d i f i c a t i o n  a t o p i c  of i n t e n s i v e  research. Ea r ly  

t h e o r e t i c a l  s t u d i e s  were on the e f f e c t s  of heat  t r a n s f e r  on t h e  shape 

of t h e  m e l t / s o l i d  i n t e r f a c e :  an important parameter i n  c o n t r o l l i n g  

thermal stress, g r a i n  se l ec t ion ,  and component s eg rega t ion  (4.5). 

Most models assume t h a t  heat t r a n s f e r  w i t h i n  t h e  melt occurs  only by 

conduction. While t h i s  may be a v a l i d  assumption f o r  low Prand t l  

number f l u i d s .  t h e  e f f e c t s  of convec t ion  on c r y s t a l  composition are by 

no means neg l ig ib l e .  The microscopic d i s t r i b u t i o n  of components a t  

t h e  i n t e r f a c e  is extremely s e n s i t i v e  t o  s m a l l  changes i n  convec t ive  

flow p a t t e r n s  ( 6 ) .  Because t h e  response of most e l e c t r o n i c  dev ices  i s  

s t r o n g l y  r e l a t e d  t o  t h e i r  composition. convec t ive  t r a n s p o r t  i n  m e l t  

growth systems has  been a c t i v e l y  i m e s t i g a t e d  i n  r e c e n t  years .  

In t h i s  work, a modified Br idean-S tockba rge r  technique was used 

t o  exper imenta l ly  obsenre the  e f f e c t s  of v a r i a t i o n s  i n  tempera ture  

p r o f i l e ,  m e l t  aspect r a t i o ,  and ampoule tilt a n g l e  on convec t ion  i n  

1 



the m e l t .  

This thesis c o n s i s t s  of f ive chapters: Chapter I is  an 

introduction. Chapter I1 i s  a literature review. Chapter I11 is  a 

description of experimental methods, Chapter IV g i v e s  the results. and 

Chapter V presents the conclusions and recommends poss ib le  future  

work. 
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Chapter 11. 

L i t e r a t u r e  Review 

The Br idean-Stockbarger  technique has been s t u d i e d  e x t e n s i v e l y  

f o r  two d i f f e r e n t  hea t  t r a n s f e r  regimes: n e g l i g i b l e  convec t ion  and 

s i g n i f i c a n t  convection. Since e i t h e r  regime may occur i n  p r a c t i c e ,  

bo th  are d i scussed  below. 

Conduct i o n  

An e a r l y  t h e o r e t i c a l  a n a l y s i s  of t h e  Bridgman-Stockbarger 

technique  was done by Chang and Wilcox ( 4 ) .  Chang and Wilcox assumed a 

s i t u a t i o n  i n  which a h e a t e r  on t op  is  sepa ra t ed  by a sharp boundary 

from a c o o l e r  beneath. Both t h e  h e a t e r  and c o o l e r  are a t  cons t an t  

temperature. I n  t h e i r  ana lys i s  of an i n f i n i t e l y  long cy l inde r ,  they 

assumed convect ion  i n  t h e  m e l t  w a s  neg l ig ib l e .  t h e  phys ica l  p r o p e r t i e s  

i n  t h e  m e l t  and s o l i d  were constant and equal. and t h a t  t h e r e  w a s  no 

c ruc ib l e .  The thermal cond i t ions  i n  t h e  model inc luded  h e a t  t r a n s f e r  

be.tween t h e  sample and t h e  furnaces. The h e a t  t r a n s f e r  c o e f f i c i e n t s  

i n  t h e  heater and c o o l e r  were cons t an t  and inc luded  a l l  modes of heat  

t r a n s f e r .  An a n a l y t i c a l  s o l u t i o n  i n  terms of Bessel f u n c t i o n s  was 

obta ined  f o r  t h e  hea t  conduction equation. 

F igu re  2.1 shows t h e  dimensionless i so therms ((T - Tc)/(Th - Tc)) 

ob ta ined  by Chang and Wilcox f o r  a s t a t i o n a r y  rod f o r  B i o t  nunbers ( S i  

= hR/k) of 0.4, 1.0. and 2.0. The i so therms are concave i n  t h e  c o o l e r  

and convex in t h e  hea te r .  The p l a n a r  isotherm l i e s  midway between. 

Since i n t e r f a c e  of a pure material is an i so therm a t  t h e  me l t ing  

p o i n t  of t h e  material. each isotherm in F igure  2.1 r e p r e s e n t s  a 

p o s s i b l e  i n t e r f a c e  shape and pos i t i on .  Chang and Wilcox a l s o  

t h e  

3 



' Hz0.4 
i J  H = 1.0 

K 

0 

F i g u r e  2 . 1 .  
convection and equal p r o p e r t i e s  i n  t h e  s o l i d  and l i q u i d  phases ( 4 ) .  

Dimensionless isotherms for a s t a t i o n a r y  rod w i t h  no 

4 



L 

c a l c u l a t e d  t h e  e f f e c t  of ampoule t r a n s l a t i o n  on t h e  isotherms. As 

shown i n  F igu re  2.2. i nc reas ing  t h e  ampoule v e l o c i t y  causes  t h e  

i n t e r f a c e  t o  move i n t o  t h e  cooler  and become more concave. a l though 

t h e  p l a n a r  isotherm is  s h i f t e d  up and has a l a r g e r  value. 

It was suggested by Chang and Wilcox t h a t  t h e  dependence of 

i n t e r f a c e  shape on h e a t e r  temperature could be reduced by i n s e r t i n g  a 

l a y e r  of i n s u l a t i o n  between t h e  h e a t e r  and t h e  cooler.  This  would 

have t h e  e f f e c t  of f o r c i n g  heat  t r a n s f e r  i n  t h e  sample t o  be nea r ly  

axial Over a longe r  distance.  Since. i n  t h e  absence of convection, 

h e a t  flow is perpendicular  t o  an isotherm, a3 a x i a l  h e a t  f l u x  f a v o r s  a 

p l a n a r  i n t e r f a c e  which reduces thermal stress and improves g r a i n  

s e l e c t i o n  ( 4 ) .  

An a n a l y s i s  of t h e  e f f e c t s  of a l a y e r  of i n s u l a t i o n  w a s  done by 

Fu and Wilcox ( 5 ) .  They cons idered  an i n f i n i t e  rod of cons t an t  

phys i ca l  p r o p e r t i e s  surrounded by an isothermal  h e a t e r  on t o p  and an 

i so the rma l  c o o l e r  below. Between t h e  h e a t e r  and c o o l e r  w a s  an 

a d i a b a t i c  zone. The dimensionless i so therms f o r  a s t a t i o n a r y  ampoule 

w i t h  d i f f e r e n t  i n s u l a t i o n  th i ckness  are shown i n  F i g u r e  2.3. The 

i s o t h e w e  become lees cunred wi th  i n c r e a s i n g  i n s u l a t i o n  thickness .  

The e f f e c t  of t h e  thermal conduc t iv i ty  of t h e  ampoule on 

i n t e r f a c e  shape, p o s i t i o n  and s e n s i t i v i t y  w a s  s t u d i e d  by Sen and 

Wilcox (7). I n  t h e i r  t h e o r e t i c a l  ana lys i s .  they cons idered  a f i n i t e  

l e n g t h  ampoule con ta in ing  a sample of cons t an t  physical  p r o p e r t i e s .  

They showed t h a t  t h e  s e n s i t i v i t i e s  of t h e  i n t e r f a c e  shape and p o s i t i o n  

t o  t h e  h e a t e r  tempera ture  is least  when t h e  thermal conduc t iv i ty  of 

t h e  ampoule is t h e  s a m e  as the sample. 

Naumann i n v e s t i g a t e d  t h e  case  i n  which t h e  thermal conduc t iv i ty  

of t h e  ampoule is  much l a r g e r  than t h e  sample (8 ) .  H e  de r ived  a 

5 
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two-dimensional a n a l y t i c a l  expression f o r  the t empera ture  i s n t h e m s  i n  

t h e  reg ion  of t h e  a d i a b a t i c  zone when 80% of t h e  ax ia l  hea t  f l u x  i s  

c a r r i e d  through t h e  ampoule and t h e  p r o p e r t i e s  of t h e  s o l i d  and l i q u i d  

are t h e  same. As shown i n  Figure 2.4. t h e  use of a h igh ly  conduct ive  

ampoule diminishes t h e  axial  tempera ture  g rad ien t .  Naumann and 

Lehoczky ( 9 )  extended this  a n a l y t i c a l  a n a l y s i s  t o  inc lude  a l a r g e  

decrease  i n  t h e  thermal conduc t iv i ty  of t h e  sample upon 

s o l i d i f i c a t i o n ,  an e f f e c t  occurring i n  t h e  growth of Hgl-x Cd Te  

c r y s t a l s .  I n  F igu re  2.5. i t  is shown t h a t  a l a r g e  change i n  thermal 

conduc t iv i ty  a t  t h e  s o l i d i f i c a t i o n  i n t e r f a c e  combined w i t h  a h ighly  

conductive ampoule r e s u l t s  i n  an i n c r e a s e  i n  r a d i a l  t empera ture  

g r a d i e n t s  w i t h i n  t h e  a d i a b a t i c  zone. This  result shows t h a t  i n s e r t i o n  

of an a d i a b a t i c  zone between a h e a t e r  and c o o l e r  may sometimes have 

j u s t  t h e  o p p o s i t e  e f f e c t  from t h a t  intended. Le.  i n t e r f a c i a l  

c u r n a t u r e  is inc reased  rather than decreased. 

The e f f e c t s  of i nc reas ing  t h e  ampoule's t r a n s l a t i o n  ra te  f o r  a 

given i n s u l a t i o n  thickness ,  as c a l c u l a t e d  by Fu and Wilcox ( 5 ) .  are 

shown i n  F i g u r e  2.6. Pursuant t o  t h e  work of Chang and Wilcox. a l l  

i so therms are s h i f t e d  t w a r d  t h e  cooler.  and t h e  v a l u e  of t h e  

d imens ionless  p l a n a r  isotherm is increased.  Fu and Wilcox a l s o  showed 

t h a t  t h e  s e n s i t i v i t y  of t h e  i n t e r f a c e  t o  h e a t e r  and c o o l e r  

tempera tures  decreases  almost exponen t i a l ly  wi th  i n c r e a s i n g  i n s u l a t i o n  

t h i c h e s s .  Adding a l a y e r  of i n s u l a t i o n  does not g r e a t l y  d iminish  t h e  

axial tempera ture  g r a d i e n t  near a p l a n a r  i n t e r f a c e .  an impor tan t  

c o n s i d e r a t i o n  i f  one wishes  to  avoid c o n s t i t u t i o n a l  supercooling. As 

poin ted  out by Sukanek, however. i n c r e a s i n g  t h e  i n s u l a t i o n  t h i c k n e s s  

i n c r e a s e s  end e f f e c t s  (10.11). 

Sulcanek w a s  t h e  f i r s t  t o  o b t a i n  an a n a l y t i c a l  expres s ion  f o r  t h e  

7 
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Figure 2.4. 
t h e  hea t  on t h e  thermal p r o f i l e  of a Hgo.8Cdo.2Te sample (8 ) .  

The e f f e c t  of a conductive vnpoule which c a r r i e s  8Cbi of 
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dev ia t ion  of f r e e z i n g  ra te  from t r a n s l a t i o n  rate when t h e  i n t e r f a c e  is 

near  t h e  top o r  bottom of t h e  ampoule. H i s  ana lys i s .  which i s  v a l i d  

f o r  low t r a n s l a t i o n  ra tes .  s m a l l  ampoule diameter and/or high thermal 

conduc t iv i t i e s .  showed - t h a t  end e f f e c t s  may extend aver cons ide rab le  

po r t ions  of t h e  ampoule. Because of end e f f e c t s .  Sukanek p r e d i c t e d  

t h a t  the growth v e l o c i t y  w i l l  always be g r e a t e r  than o r  equal t o  

t r a n s l a t i o n  rate. Sukanek's model d i d  not  take i n t o  account 

v a r i a t i o n s  i n  growth rate due t o  changes in composition. a 

c h a r a c t e r i s t i c  of r e a l  melt-growth systems. Also. h i s  model assumed 

t h a t  the value of t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  is t h e  same on t h e  

s i d e  and t h e  ends of t h e  ampoule. This  cond i t ion  may not n e c e s s a r i l y  

be t r u e  i n  practice (12).  

Szofran e t  al. (12) showed experimentally.  f o r  Brideplan grown 

mercury cadmium t e l l u r i d e ,  t h a t  component s eg rega t ion  can be d i f f u s i o n  

control led.  They compared t h e i r  experiments and results t o  a modified 

v e r s i o n  of t h e  numerical scheme developed by Clayton e t  al. (13) 

which solved f o r  t h e  compositional v a r i a t i o n  a long  t h e  l e n g t h  of a 

s o l i d i f i e d  ingot. A p l o t  of composition vs. l e n g t h  s o l i d i f i e d  is 

shown i n  F igure  2.7. Also included i n  F i g u r e  2.7 are t h e  a n a l y t i c a l  

s o l u t i o n s  t o  t h e  i n i t i a l  and f i n a l  t r a n s i e n t  r eg ions  dwe loped  by 

Smith. T i l l e r .  and R u t t e r  (14). I n  all c a s e s  s tudied.  t h e  modified 

numerical method (13) matched t h e i r  experimental  results. 

Using t h e  measured experimental  compositional p r o f i l e s .  Szof r a n  

e t  al. obta ined  a semi-empirical expres s ion  f o r  t h e  in s t an taneous  

i n t e r f a c i a l  t r a n s l a t i o n  rate. This  rate, normalized by ampoule 

ve loc i ty .  is shown i n  F igu re  2.8. In a l l  cases. t h e  ampoule's 

t r a n s l a t i o n  r a t e  exceeded t h e  i n t e r f a c i a l  t r a n s l a t i o n  rate. I n t e r f a c e  

s t u d i e s  of Bridgnan-grown CdTe by Route e t  al. gave similar results 
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(15) .  Using an i n t e r f a c e  demarcation technique, Route e t  al. 

c o r r e l a t e d  t h e  ampoule' s t r a n s l a t e d  d i s t a n c e  w i t h  t h e  demarcated 

i n t e r f a c e ' s  pos i t i on .  They observed a 35% l a g  between t h e  f r e e z i n g  

ra te  and t h e  ampoule's t r a n s l a t i o n  rate. As shown i n  F igu re  2.9, no 

l a g  was observed w i t h i n  t h e  bottom 4 cm l ong  c o n s t r i c t e d  p o r t i o n  of 

t h e  ampoule. 

The c o n f i g u r a t i o n  of t h e  Bridgman-Stoclcbarger furnace has  

sometimes been modified i n  r e c e n t  y e a r s  by adding, between t h e  h e a t e r  

and the a d i a b a t i c  zone. a s h o r t  independently c o n t r o l l e d  fu rnace  

c a l l e d  a boos te r  h e a t e r  (16) .  This  modified v e r s i o n  of t h e  

Bridgman-Stockbarger furnace i s  shown schemat i ca l ly  i n  F igu re  2.10. 

With a b o o s t e r  h e a t e r  it is  p o s s i b l e  t o  i n c r e a s e  t h e  axial. t e n p e r a t u r e  

gradient  and t o  provide an a d d i t i o n a l  means of r e g u l a t i n g  t h e  shape 

and p o s i t i o n  of t h e  m e l t / s o l i d  i n t e r f a c e .  

Using a one-dimensional model. Naumann (16,171 compared t h e  

temperature p r o f i l e  i n  Pbo,8Sno.2Te f o r  a Bridgman appa ra tus  w i t h  and 

without a boos te r  h e a t e r  (F igu re  2.11). The a b s c i s s a  is  t h e  d i s t a n c e  

from t h e  c e n t e r  of t h e  a d i a b a t i c  zone normalized by t h e  sample ' s  

radius.  If t h e  c o o l e r ' s  t empera ture  i s  f i x e d  and t h e  tempera ture  of 

t h e  booster  is inc reased  by 400 C, t h e  tempera ture  g rad ien t  i n  t h e  

region of t h e  i n t e r f a c e  is  cor respondingly  increased,  and t h e  p o s i t i o n  

of t h e  i n t e r f a c e  is s h i f t e d  toward t h e  cooler.  I f  t h e  c o o l e r ' s  

temperature i s  lowered so as t e  keep t h e  p o s i t i o n  of t h e  i n t e r f a c e  

f i x e d  a t  Z/R = 0, t h e  i n t e r f a c i a l  t e n p e r a t u r e  g r a d i e n t  is i n c r e a s e d  ' 

fur ther .  These results imply t h a t  t h e  mod i f i ca t ion  of us ing  a b o o s t e r  

h e a t e r  has a very s i g n i f i c a n t  advantage over Bridgman's o r i g i n a l  

design. The advantage is  t h a t  a b o o s t e r  h e a t e r  enab le s  t h e  c r y s t a l  

grower t o  create a l a r g e  and c o n t r o l l a b l e  t e n p e r a t u r e  g r a d i e n t  wi thout  

0 

1 2  
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POSITION O f  DEMARCATION EVENT (cm) 

Figure 2.9.  Interface posit ion vs. 
demarcation event. A reduced but 
uniform growth rate i s  seen through- 
out the main body of the cyrstal  
(15). 
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(16.17). 

Computed thermal  p r o f i l e  i n  Pbo.8Sno.2Te w i t h  and 

Two boos te r  cases are shown: TC f ixed .  and 

lowered so as t o  enable  t h e  i n t e r f a c e ' s  p o s i t i o n  t o  remain f i x e d  C 
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unreasonably r a i s i n g  t h e  temperature of t h e  e n t i r e  m e l t .  This is  a 

most important considerat ion i f  one is d i r e c t i o n a l l y  s o l i d i f y i n g  

materials wi th  very high vapor pressures .  

The inf luence  t h a t  a booster  hea te r  has on comrection w i l l  be 

discussed i n  d e t a i l  i n  t h i s  thes i s .  

Convection 

Tien and Wilkes were the f i r s t  t o  do a two dimensional numerical 

study of convection i n  t h e  Bridguan-Stockbarger technique (18.19) 

The c r y s t a l  growth coordinate  system and boundary condi t ions  are shown 

below i n  F igure  2.12. As a model system Tien and Wilkes used 

naphthalene, because many of i t s  thermo-physical p r o p e r t i e s  had been 

measured. Naphthalene. l i k e  most low molecular weight organic  

compounds, has a t ransparent  molten phase. The au thors  a l s o  observed 

convect ive flows experimentally by using colored Nylon f i b e r s  as 

tracer particles. 

Tien and Willce's system cons is ted  of a' v e r t i c a l l y  mounted, 

moveable c r y s t a l  growth tube. The upper po r t ion  of t he  ampoule was 

heated w i t h  a c i r c u l a t i n g  hot bath. The lower por t ion  was cooled w i t h  

a cold c i r c u l a t i n g  bath. by 

a diaphragm. The steady state thermal p r o f i l e  a long t h e  inne r  w a l l  

w a s  determined wi th  30 gauge chromel-alumel thermocouples. I n  t h e  

The two c i r c u l a t i n g  ba ths  were separated 

computations. t h e  teapera ture  a t  t h e  bottccn of t h e  c r y s t a l  w a s  set  

equal t o  t h e  w a l l  temperature of t h e  lower end of t h e  ampoule. 

Likewise t h e  temperature a t  t h e  f r e e  sur face  of t h e  m e l t  w a s  

approximated by t h e  temperature a t  t h e  top of t h e  ampoule. 

For t h e i r  numerical a n a l y s i s  Tien and Wilkes used a 

time-dependent f i n i t e d i f  ference method. The boundary condi t ion  w a s  

t h e  measured i n n e r w a l l  s teady-state  temperature p ro f i l e .  By modeling 

15 
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t h e  

s o l u t i o n  w a s  found a t  long  times. 

process  as a time-dependent i n i t i a l  va lue  problm.  a steady state 

The computed shape and p o s i t i o n  of t h e  s o l i d - l i q u i d  i n t e r f a c e  are 

shown i n  F igu re  2.13 f o r  v a r i o u s  t r a n s l a t i o n  ra tes .  The i n t e r f a c e  

p o s i t i o n  a t  t h e  w a l l  was n o t  computed. i t  w a s  ob ta ined  by experiment. 

Agreement between theory and experiment for i n t e r f a c e  p o s i t i o n  w a s  

good f o r  each ampoule t r a n s l a t i o n  rate. For t h e  s t a t i o n a r y  ampoule, 

i t  was necessary  t o  use a small g r i d  spacing f o r  a c c u r a t e  

convergence. The normalized computed s t r e a m l i n e s  are d isp layed  i n  

F igu re  2.14 f o r  a s t a t i o n a r y  i n t e r f a c e .  Tien c a l c u l a t e d  t h a t  t h e  only 

r eg ion  of s i g n i f i c a n t  convection was near  t h e  i n t e r f a c e  next t o  t h e  

wall. Presumably t h i s  was a l s o  t h e  r eg ion  of l a r g e s t  r a d i a l  

t empera ture  gradient .  The f l u i d  rose  nea r  t h e  w a l l ,  descended i n  t h e  

i n n e r  m e l t  and r e tu rned  t o  the wall a c r o s s  t h e  i n t e r f a c e .  

I n  h i s  experiments. T ien  revea led  t h e  convective flows us ing  

co lo red  Nylon tracer f i b e r s .  There w a s  good q u a l i t a t i v e  agreement 

w i t h  theory f o r  flow v e l o c i t i e s .  bo th  i n  magnitude and d i r e c t i o n .  As 

t h e  i n t e r f a c e  became less  convex. t h e  r eg ion  of observable  convec t ion  

decreased. Although t h e  n a t u r a l  convec t ion  was laminar. it  w a s  not  

q u i t e  axisymmetric. The au thor s  a t t r i b u t e d  t h i s  t o  unavoidable 

d e v i a t i o n s  from symmetrical hea t ing  and cooling. 

Perhaps t h e  most thorough and complex numerical study of t h e  

Bridgplan-Stockbarger technique was done by Chang and Brown (6). I n  

t h e i r  ana lys i s .  they used a f i n i t e  element/Newton technique t h a t  

computed s imul taneous ly  t h e  shape of t h e  s o l i d i f i c a t i o n  i n t e r f a c e .  t h e  

v e l o c i t y  and p r e s s u r e  f i e l d s  i n  t h e  melt. and t h e  tempera ture  

d i s t r i b u t i o n  i n  t h e  m e l t  and c r y s t a l .  The geanetry of t h e  system is 

shown i n  F i g u r e  2.15. 
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Figure 2.14. Computed streamlines for a stationary ampoule (18). 
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The model used i n  t h e  a n a l y s i s  had a cons t an t  tempera ture  hea t ing  

zone on top, a p e r f e c t l y  a d i a b a t i c  r eg ion  underneath, and a c o o l e r  of 

constant  temperature  below. The r a d i u s  of t h e  ampoule w a s  t aken  t o  be 

0.5 cm, i t s  o v e r a l l  l e n g t h  w a s  2.0 cm, t h e  a d i a b a t i c  r eg ion  w a s  0 . 2 5  

cm long, and t h e  ampoule's t r a n s l a t i o n  ra te  w a s  16 m i c r o d s .  This  i s  

an extremely s h o r t  furnace  compared t o  those  used experimental ly .  The 

e f f e c t s  of ampoule t r a n s l a t i o n  were s imulated by adding m e l t  a t  t h e  

top  of t h e  furnace and withdrawing c r y s t a l  from t h e  cooler .  For t h e i r  

computations. Chang and Brawn used t h e  p r o p e r t i e s  of gallium-doped 

germanium summarized i n  Table  2.1. 

Chang and Brawn assumed t h a t  t h e  melt  was a Boussinesq f l u i d .  The 

i n t e r f a c e  was assumed t o  be an isotherm a t  t h e  equi l ibr ium mel t ing  

p o i n t  of t h e  material, and t h e  d i f f e r e n c e  i n  conduct ive hea t  f l u x  

between t h e  l i q u i d  and s o l i d  was equal t o  t h e  l a t e n t  hea t  l i b e r a t e d  i n  

s o l i d i f i c a t o n .  The n c r s l i p  cond i t ion  w a s  used f o r  convect ion a t  t h e  

i n t e r f a c e ,  t h e  ampoule. w a l l .  and a t  t h e  top  of t h e  ampoule. The 

ve loc i ty ,  thermal, and mass t r a n s f e r  f i e l d s  were assumed t o  be 

axi-symmetric. The temperature  a long t h e  edge of t h e  sample w a s  

assumed t o  be equal t o  t h e  ad jacen t  h e a t e r  temperature,  L e .  t h e  h e a t  

t r a n s f e r  c o e f f i c i e n t  and t h e  B i o t  number were i n f i n i t e .  The a d i a b a t i c  

zone was assumed t o  be a p e r f e c t  i n s u l a t o r  as were t h e  ends of t h e  

c r y s t a l  growth ampoule. 

I n  F igure  2.16 are d isp layed  t h e  e f f e c t s  of inc reas ing  Rayleigh 

number (Ra = R gB(Th-Tc)/fa) on convection. For low Ra, t h e  flaw is 

r e c t i l i n e a r  and reflects only t h e  downward motion of t h e  ampoule. For 

in te rmedia te  va lue8  of Ran a c e l l u l a r  f law p a t t e r n  is  predic ted .  In 

3 

agreement wi th  T i e n ' s  work. t h e  flow moves upward a t  t h e  w a l l  and 

descends near t h e  c e n t e r l i n e .  A t  h ighe r  Rayleigh numbers 
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Figure 2 .15 .  Geanetry of system 
s t u d i e d  by Chang and Brown (6). 

(0 I no 00 

\ 
YELT 

CRYSTAL 

RopmY Value 

Therkl'conductivity of melt (kL) 
Thermal conductivity of solid (k,) 
H a c  capacity of melt ( c r L )  
H a t  capscity of solid ( crS ) 
Density of melt ( pL) 
Density of solid ( p s )  

Kinenutic vircosity or melt (P )  

H a t  of fuuon (A HE) 
Thermal expurrion coefficient ( 8 )  
Diffurivity of Ga in Ge (9)  
scpption cocffidmt of 0.1 
G a i n G C ( k )  

0.17 W/K.cm 
0.17 W/K.cm 
0.39 J/g. K 
0.39 J/g.K 
5.6 g/cm' 
5.6 g/cn? 

1.3 x lo-' cm'/s 
506 J/B 
0.25 X IO-' K- '  
1.3 x io-' cm'/s 

Mdting lepcrriurc (Tm) 95a0c 

Table 2.1. Physical  p r o p e r t i e s  of 
gallium-doped germanium (6). 

' I I (  

( 1 1  7.6.tO' 

P igdto 2.16. PYffect tf "-sleigh ii-mber ai f im fieid. Streemiine 
value8 are equally 8paced with the maxim= (or m i n i m u m )  set equal to 
zero. Only the right half of the flw f i e l d  is shown ( 6 ) .  
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m u l t i c e l l u l a r  flow is predicted.  F i g u r e  2.17 shows t h a t  t h e  stream 

f u n c t i o n ' s  m a x i m u m  va lue  i n c r e a s e s  l i n e a r l y  wi th  Eta Over t h e  reg ion  of 

weak c e l l u l a r  flow. 

The computed dopant c o n c e n t r a t i o n  f i e l d s  corresponding t o  t h e  

flow f i e l d s  of F igu re  2.16 are shown i n  F igu re  2.18. The p l a n a r  

i soconcen t r a t ion  l i n e s  f o r  Ra=O correspond t o  one dimensional 

diffusion.  The weak cellular f l w s  occur r ing  f o r  -10 produce l a r g e  

r a d i a l  segregation. F igu re  2.19 shows t h a t  t h e  r a d i a l  s e g r e g a t i o n  is 

a m a x i m u m  a t  about b = l O  . Radia l  s e g r e g a t i o n  dec reases  f o r  g r e a t e r  

Ra  due t o  t h e  format ion  of a well-mixed c o r e  of melt. 

3 

3 

The effect  of i n t e r f a c i a l  c u r v a t u r e  a lone on s e g r e g a t i o n  is  

displayed i n  columns ( a )  and (d) of F i g u r e  2.20. The c u r v a t u r e  of t h e  

so l id - l iqu id  i n t e r f a c e  w a s  modified by changing t h e  r a t i o  of t h e  s o l i d  

t o  l i q u i d  thermal c o n d u c t i v i t i e s .  Even when Ra=O. t h e  c u r v a t u r e  of 

t h e  i n t e r f a c e  induces l a r g e  r a d i a l  segregat ion.  Th i s  e f f e c t  is 

somewhat l a r g e r  f o r  a concave i n t e r f a c e  than f o r  a convex i n t e r f a c e .  

Up t o  t h i s  point ,  only t h e  Bridgplan-Stockbarger technique  

employing a h e a t e r  on top and c o o l e r  belaw has been discussed. I n  

t h i s  configurat ion,  t h e  tempera ture  of t h e  m e l t  i n c r e a s e s  w i t h  

he igh t ,  Buoyancy d r i v e n  convec t ion  is  no t  genera ted  by t h e  axial 

temperature g rad ien t  imposed by the system geanetry p e r  se but  by 

r a d i a l  t empera ture  g r a d i e n t s  which are genera ted  by h e a t  t r a n s f e r  

between t h e  sample and sur rounding  furnaces.  Since t h e  axial 

temperature g rad ien t  i n  t h i s  c o n f i g u r a t i o n  does no t  promote convec t ion  

d i r e c t l y ,  it is o f t e n  r e f e r r e d  t o  a6 t h e  v e r t i c a l l y  s t a b i l i z e d  

configurat ion.  I f  t h e  p o s i t i o n  of t h e  h e a t i n g  and coo l ing  f u r n a c e s  is  

switched, s o l i d i f i c a t i o n  can occur by r a i s i n g  t h e  sample from t h e  

h e a t e r  up i n t o  t h e  cooler .  I n  t h i s  configurat ion,  t h e  axial 
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Figure  2.17. Maximum stream function 
vs. Ra (6). 
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Figure  2.18.  Dopant concen t r a t ion  
f i e l d s  f o r  flow f i e l d  shown i n  F igu re  
2.16 ( 6 ) .  
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Figure  2.19 I n t e r f a c i a l  dopant 
c o n c e n t r a t i o n  vs. Ra (6). 
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Figure 2.20. Dopant concentration f i e l d s  as  influenced by in ter fac ia l  
curvature and Rayleigh number. 
l i n e s  intersect  the melt/crystal interface (6). 

Even when Ra=O, the isoconcentration 
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temperature g rad ien t  i s  d e s t a b i l i z i n g  because t h e  tempera ture  i n  t h e  

m e l t  decreases  w i t h  height.  Since both  t h e  axial  and t h e  r a d i a l  

g rad ien t s  promote buoyancy d r iven  convect ion,  convec t ive  v e l o c i t i e s  

are much l a r g e r  than when t h e  h e a t e r  i s  on top. 

Gang and Brown a l s o  i n v e s t i g a t e d  t h e  flaw behavior  f o r  t h e  

d e s t a b i l i z e d  Bridgman system (4). As shown i n  F igu re  2.21. t h e  flow 

f o r  t h i s  system w a s  oppos i t e  t h a t  of t h e  s t a b i l i z e d  system wi th  t h e  

h e a t e r  on top. I n  t h e  d e s t a b i l i z e d  conf igu ra t ion .  t h e  m e l t  moved 

upward a long  t h e  w a l l .  a c r o s s  t h e  i n t e r f a c e .  and down t h e  c e n t e r l i n e  

away from t h e  i n t e r f a c e .  The concen t r a t ion  f i e l d s  d isp layed  i n  F igu re  

2.22 show t h e  beginning of a well-mixed m e l t  co re  a t  Ra=lO . J u s t  as 

3 
i n  the s t a b i l i z e d  configurat ion.  s e g r e g a t i o n  i s  g r e a t e s t  f o r  R a = l O  

and t h e r e a f t e r  decreases  wi th  i n c r e a s i n g  Rayleigh number. as is shown 

i n  Figure 2.23. 

4 

I n  general .  convec t ive  mixing i s  g r e a t e s t  when t h e  h e a t e r  is 

pos i t i oned  below t h e  c o o l e r  ( d e s t a b i l i z e d  system) . and r a d i a l  

s eg rega t ion  i s  t h e r e f o r e  smaller. As shown i n  F i g u r e  2.24. t h e  

m a x i m u m  r a d i a l  s eg rega t ion  is approximately 20% less  f o r  t h e  

However. f o r  Ra  < 100, t h e  d e s t a b i l i z e d  system f o r  R a = l O  . 
d e s t a b i l i z e d  system promotes greater r a d i a l  segregat ion.  

3 

Carlson e t  al. computed convec t ion  vs. i n t e r f a c i a l  curvature .  

i n s u l a t i o n  thickness ,  Grashof nrnnber (Gr = R gB(Th-Tc)/f >. B i o t  

number (Bi = hFdk), and P rand t l  number ( P r  = UC /k = f / a >  i n  t h e  

v e r t i c a l  thermal ly  s t a b l e  Bridgman-Stockbarger technique. The 

thermophysical p r o p e r t i e s  approximated those of PbxSnl_=Te i n  a 

reduced g r a v i t y  of 0 . l g  (20).  The i n t e r f a c e  shape w a s  no t  c a l c u l a t e d  

b u t  was a r b i t r a r i l y  chosen t o  tie parabol ic .  w i t h  t h e  i n t e r f a c e  always 

i n t e r s e c t i n g  t h e  ampoule a t  t h e  lower edge of t h e  a d i a b a t i c  zone 

3 2 

P 
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Figure  2 . 2 2 .  Dopant concen t r a t ion  
f i e l d s  f o r  flow f i e l d  shown i n  F igu re  
2 . 2 1  ( 6 ) .  

F i g u r e  2 . 2 1 .  E f f e c t  of Rayleigh 
number on flow f i e l d  f o r  t h e  
v e r t i c a l l y  d e s t a b i l i z e d  
Bridgnan-Stockbarger system (6). 
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F i g u r e  2 . 2 4 .  Comparison of 
percentage r a d i a l  s e g r e g a t i o n  f o r  t he  
s t a b i l i z e d  and d e s t a b i l i z e d  s y s t e n s  
(6). 

Figure  2 . 2 3 .  I n t e r f a c i a l  dopant 
c o n c e n t r a t i o n  vs. R a  f o r  t h e  
v e r t i c a l l y  d e s t a b i l i z e d  system (6). 
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(Figure 2.25). The h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  t h e  h e a t e r  and 

c o o l e r  were assumed t o  be constant.  The e f f e c t s  of t h e  ampoule were 

neglected.  The Boussinesq approximation w a s  app l i ed  t o  t h e  melt. 

Carlson' s computed e f f e c t s  of i n t e r f a c i a l  c u r v a t u r e  on convection 

are  smmarized i n  F igu re  2.26. When t h e  i n t e r f a c e  i s  p l a n a r  or 

convex, a s i n g l e  convec t ive  c e l l  i s  observed. I n  t h i s  c e l l  t h e  f l u i d  

rises near t h e  w a l l  and decends down t h e  center .  As t h e  i n t e r f a c e  

becomes more concave, a secondary flaw c e l l  develops whose flaw is 

opposi te  and always of a lesser magnitude than t h e  upper cell .  I f  t h e  

i n s u l a t i o n  t h i c k n e s s  is inc reased  when t h e  i n t e r f a c e  i s  concave, 

convection decreases  i n  t h e  upper c e l l  and i n c r e a s e s  i n  t h e  lower 

one. Adding i n s u l a t i o n  t o  a convex i n t e r f a c e  dec reases  t h e  l e v e l  of 

convection i n  t h e  m e l t .  These data are shown i n  F igu re  2.27. 

Inc reas ing  t h e  Grashof number (F igu re  2.28) i n c r e a s e s  mixing i n  t h e  

m e l t .  When two ce l l s  are present.  t h e  lower one is more s e n s i t i v e  t o  

temperature changes. The overall level of mixing dec reases  w i t h  

decreas ing  B i o t  number (F igu re  2.29). Since a small B i o t  number 

implies  a l a r g e  thermal conduc t iv i ty ,  a small Biot-number f l u i d  i s  not  

expected t o  e x h i b i t  t h e  l a r g e  r a d i a l  t empera ture  g r a d i e n t s  which are 

necessary t o  d r i v e  convection. The i n t e n s i t y  of convec t ion  i n c r e a s e s  

w i t h  decreasing P r a n d t l  number ( F i g u r e  2.30). It is  i n t e r e s t i n g  t o  

n o t e  t h a t  even though convec t ion  i n c r e a s e s  s i g n i f i c a n t l y  w i t h  

decreas ing  P r a n d t l  number. t h e  shape and p o s i t i o n  of t h e  i so therms are 

unchanged. 

Recently, P o t t s  s t u d i e d  convec t ive  flaw p a t t e r n s  i n  a model 

Bridgnan system (2). Using a t r a n s p a r e n t  furnace and a t r anspa ren t .  

l a w  melting, o rgan ic  compound. a t t e m p t s  were made t o  observe 

convection us ing  n e u t r a l l y  buoyant tracer p a r t i c l e s .  Exhaustive 
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Figure  2.25. Gemetry of sys tun  
s t u d i e d  by Carlson et. a1 (20) .  
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Figure 2.26. S t r e a n l i n e s  and i so the rms  as in f luenced  by i n t e r f a c i a l  
curvature;  Bi=0.5, G ~ 1 0 0 0 0 ,  and P ~ 0 . l  (20). s - - --_ - -  

1 

Figure 2.27. S t r eaml ines  and isotherms as in f luenced  by i n s u l a t i o n  
thickness  and i n t e r f a c i a l  cu rva tu res ;  Biz0.5, G ~ 1 0 0 0 0 .  and P r = O . l  
(20). 
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Figure 2.29.  
i n t e r f a c i a l  c u r v a t u r e ;  G~10000 and P r 4 . 1  

S t r eaml ines  and i so the rms  as in f luenced  by B i  and 
(20). 
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Figure  2.30. 
i n t e r f a c i a l  curva ture ;  Bi=0.5 and G ~ 1 0 0 0 0  

Streamlines  and isotherms as in f luenced  by P r  and 
(20).  
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at tempts  t o  v e r i f y  t h e  convec t ive  behavior  r e p o r t e d  by Tien  were only 

pa r t ial  l y  s ucce s s f  ul . 
The Bridgman-Stockbarger appa ra tus  used by P o t t s ,  shown i n  F igu re  

2.31, was p a t t e r n e d  a f t e r  t h e  set-up s t u d i e d  by Tien  (18,191. It 

consis ted of a hot  c i r c u l a t i n g  ba th  on t o p  and a c o o l e r  c i r c u l a t i n g  

ba th  beneath. Sepa ra t ing  t h e  two b a t h s  w a s  a polymer diaphragm. The 

s t a t i o n a r y  ampoule was a 1 mm t h i c k  Pyrex tube,  40 cm long, and 2 cm 

ID. Convection i n  t h e  naphtha lene  m e l t  was observed us ing  

micro-balloons. P a r t i c l e  movement w a s  recorded  on videotape.  

P a r t i c l e  t r a j e c t o r i e s  were t r a c e d  from t h e i r  motion on a t e l e v i s i o n  

monitor over a f i v e  minute period. Since t h e  e n t i r e  ampoule w a s  

i l l umina ted  and a t e l e v i s i o n  monitor p r e s e n t s  a two-dimensional image, 

f r o n t  t o  r e a r  motion r e l a t i v e  t o  t h e  camera could no t  be observed. 

S m e  t y p i c a l  convec t ive  flcw p a t t e r n s  are sketched i n  F igu res  

2.3 2-2.3 4. 

I n  general ,  t h e  c o u v e c t i o i  w a s  laminar but  n e i t h e r  s teady nor 

axisymmetric. The flaw tended t o  descend t h e  w a l l  f a r t h e s t  from t h e  

h e a t e r ,  c r o s s  t h e  i n t e r f a c e ,  and ascend t h e  w a l l  c l o s e s t  t o  t h e  

h e a t e r .  Rare ly  were p a r t i c l e s  observed t r a v e l i n g  i n  a c losed  loop. 

Th i s  behavior p e r s i s t e d  even when t h e  s t i r r i n g  was i n c r e a s e d  i n  t h e  

heat ing bath. 

These results r a i s e d  several quest ions.  A r e  s m a l l  d e v i a t i o n s  from 

thermal symmetry o r  vertical  alignment t h e  cause of t h e  c h a o t i c  

convection? I f  so. how l a r g e  a d e v i a t i o n  is necessary  t o  cause such 

flow? Is axisymmetric couvec t ion  ever r e a l l y  observed? Is t r u e l y  

chao t i c  convec t ion  e v e r  observed? These ques t ions ,  r a i s e d  by t h e  work 
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of Potte, provided the impetus for the present work. 
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Figure 2.31. Pot t s ' s  Bridgman-Stockbarger system (2) .  
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0 
F i g u r e  2.32. Typical  convective flow f i e l d  f o r  Theater =52 C and  

=22OC (2 ) .  Tcoo le r  
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Figure 2 . 3 3 .  Typica l  convec t ive  f l aw  f i e l d  for Theater =82 0 C and 

= 3 l o C  ( 2 ) .  coo le r  T 
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SOLID 

F i g u r e  2 . 3 4 .  Typical convect ive f l o v  Eield f o r  =35 0 C a n i  
T;--xi t c r 
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Chapter 111. 

Experiment a1 Methods 

Crys ta l s  grown by t h e  Bridgman-Stockbarger technique a r e  o f t e n  

metals or  semiconductors whose molten phases are opaque. For t h i s  

reason. t h e  convect ive flow f i e l d s  have been observed i n  t r anspa ren t .  

law melting, organic  materials (2.18). I n  t h e  p re sen t  study. t h e  

convect ive v e l o c i t y  f i e l d  was revea led  by t h e  p a t h l i n e s  t r a c e d  by t h e  

p a r t i c l e s  suspended i n  t h e  m e l t .  

1. Mater ia ls  

Benzophenone and phenyl s a l i c y l a t e  ( s a l o l )  were used as 

t r anspa ren t  melts i n  which convect ion could be observed. These two 

chemicals were s e l e c t e d  because of t h e i r  l a w  t o x i c i t y .  law mel t ing  

point .  low price.  and high p u r i t y  of commercial grades.  Sa lo l .  m.p. 

42-43 C. w a s  ob ta ined  from Eastman Kodak Company, Rochester. NY. 

Benzophenone. m.p. 48-49.5 C. w a s  ob ta ined  99% pure  from Aldrich 

Chemical Company. Inc.. Milwaukee. W I .  The phys ica l  p r o p e r t i e s  of 

t hese  ma te r i a l s  are summarized i n  Table 3.1. Sublimated sulfur 

p a r t i c l e s .  U. S. P. grade from J.T. Baker Chemical Co. Phi l l ipsburg .  

0 

0 

NJ., were used t o  v i s u a l i z e  t h e  convection. 

As shown i n  F igures  3.1  t o  3 . 3 .  each model Bridgman' appara tus  had 

a water cool ing  ba th  on t h e  bottom and a clear p l a s t i c  furnace  

embedded w i t h  r e s i s t a n c e  hea t ing  wires on t h e  top. The ampoule 

conta in ing  t h e  sample w a s  a thick-walled Pyrex tube. 
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.* 1. 

F i g u r e  3.1. Br idean-S tockba rge r  
a p p a r a t u s  w i t h  a s imple  h e a t i n g  zone 
on t o p  and a c o o l i n g  zone below. The 
a s p e c t  r a t i o  ( l e n g t h  of 
hea te r /d i ame te r  of ampoule), A = 4 . 2 .  

F i g u r e  3 . 2 .  3ridgr.an-Stockbarger 
a p p a r a t u s  iaodified w i t h  t h e  a d d i t i o n  
of a s h o r t  b o o s t e r  h e a t e r  between t h e  
h e a t e r  and t h e  cooler .  Aspect r a t i o .  
A=4.a. 
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F i g u r e  3 . 3 .  Bridgnan-Stockbarger 
a p p a r a t u s  modif ied w i t h  t h e  a d d i t i o n  
o f ’ a  s h o r t  b o o s t e r  h e a t e r  between t h e  
h e a t e r  and t h e  coo le r .  Aspect r a t i o ,  
A=6.7. 
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.. A. 

Tabie 3 .l. P r o p e r t i e s  of IYaterids. 

L 

Benzophenone ( C13HloO) 

Formula weight:  182.22 

Melting po in t :  48-49.5 'C (21)  

Bo i l ing  poin t :  305 O C  (21)  
321.03 + 0.05 K (24) 

1.33 Pa (24) 
Ttp:  - 
ptp:  

Density (20 OC): 

Density (54 O C ) :  

La ten t  hea t  of fusion, €If: 
Latent  hea t  of fusion,  Hf: 

La t en t  hea t  of sublimation. Hsub(@ 321.03 K ) :  22634 2 239 

cal /mol  (24) 

1.146 g/cm3 (21) 

1.083 p/cm3 (22) 
4040 2 40 cal/mol (23) 

4348 + 1 2  cal/mol (24) - 

Heat capac i ty  (crystal), C : 40.42+0.4252*T+6.27021*10 -4 *T 2 
P 

J/K.rnol (24) 
80 I T 5 290 K 

Heat capac i ty  ( l i q u i d ) .  C : 150.19 + 0.4576*T (J/K.mol) (24) 
P 

280 I T 2 350 K 

Thermal conduct iv i ty  : 

k 

k 

k 

(10 OC) = 0 . 2 4 4  W/m.K (25) 

(20 OC) = 0.236 W/m.K (25) 

(30 OC) = 0.229 W/m.K (25) 

S 

8 

S 

Ref rac t ive  index. ND(19 OC): 1.6077 (21) 

Vi scos i ty  (26) : 

u(25 OC) = 13.6 c p  

u(55 OC) = 4.67 cp  

u(95 OC) = 1.74 cp 
log(%) = 1259.11*(1/T - 1/402.50) CP 

Phenyl salicylate. s a l o l  ( C13H1003) 

Formula weight:  214.22 

Melting poin t :  43 OC (21)  

Melting poin t :  41.09 OC ( 2 8 )  

Melt ing poin t :  41.68 OC (29) 

Bo i l ing  p o i n t  (8  1 2  mm Hg): 173 OC (21) 
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Viscos i ty  ( h 3  m.p.1: 0.746 c p  (27) 

Heat capac i ty ,  C ( h 3  m.p.1: 
P 

Thermal conduc t iv i ty ,  %(B m.p.1 : 

Latent  hea t  of fusion,  H f :  

Latent  h e a t  of fus ion ,  H f :  

Density = 1.2177 - 0.000883*T g/cm3 (28) 

Surface t e n s i o n  = 45.20 - 0.0976*T dynes/cm (28) 

0.391 cal/OC (27) 

0.00020 cal / (s .  m.K) (27) 

21.28 c a l / g  (27) 

21.73 c a l / g  (29) 

30.5 2 T 60.0 OC 

30.5 < T < 60.0 O C  - -  
Coeff ic ien t  of thermal expansion. B, (42.1 OC) : 

Thermal d i f f u s i v i t y  of s o l i d ,  a (0  m.p.1: 

Thermal d i f f u s i v i t y  of l i q u i d ,  a ( e  m.p.1: 

7 .4€1*10-~ (28) 
2 1.18*10-3 c m  /s (29) 

2 0.91*10-3 c m  /s (29) 

Pyrex g l a s s  
Thermal conduc t iv i ty  : 

k (0 OC) = 26*1OW4 cal/cm.s.°C (21) 

k (100 OC) = 30*10-4 c a l / c m . ~ . ~ C  (21) 

S 

S 

-7 2 
Thermal d i f f u s i v i t y ,  a (60-100 OC): 7.8*10 m /S (30) 
Ref rac t ive  index: 1.47 (2) 

Nichrome Res i s t ance  Wire 
B&S gauge: 24 

Resis tance (20 O C ) :  1.671 o h d f t  (21) 

2. Apparatus 

The design of t h e  model Bridgman-Stockbarger appara tus  used i n  

t h e  present  work evolved from t h a t  used by P o t t s  (2) .  As reviewed i n  

Chapter 11, t h e  convective f l m s  observed by P o t t s  sugges ted  t h a t  t h e  

thermal f i e l d  surrounding t h e  sample w a s  n o t  p e r f e c t l y  axisymmetric. 

However t h e  n a t u r e  of h e r  set-up precluded any a t tempt  a t  c o n t r o l l i n g  

o r  even a c c u r a t e l y  measuring t h e  azimuthal  tempera ture  f i e l d .  Our goal  

i n  redesigning P o t t s '  s appa ra tus  w a s  t h e r e f o r e  t o  b u i l d  a furnace  i n  

which the azimuthal  tempera ture  f i e l d  could be both  measured and 

cont ro l led .  Consonant w i t h  t h i s  goal  is a s o l i d  fu rnace  which h e a t s  

t h e  sample by conduction. 
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Three d i f f e r e n t  des igns  were used. One appara tus  cons i s t ed  of a 

s imple  h e a t i n g  zone on top and a coo l ing  zone below. Two o the r s ,  each 

w i t h  a d i f f e r e n t  a spec t  r a t i o ,  were b u i l t  w i t h  a h e a t e r  on top, a 

c i r c u l a t i n g  c o o l e r  below, and a s h o r t  b o o s t e r  h e a t e r  between. The 

fu rnaces  and boos te r  h e a t e r  were cons t ruc t ed  of a c l e a r  unsa tu ra t ed  

p o l y e s t e r  c a s t i n g  r e s i n  (Chemco Resin Crafts, Dublin, CAI. J u s t  

i n s i d e  t h e  o u t e r  w a l l  of t h e  p l a s t i c  r e s i n  were mounted v e r t i c a l  

equal-spaced, lmm 0. D. c a p i l l a r y  tubes which conta ined  nichrome 

r e s i s t a n c e  wires. The Pyrex c a p i l l a r y  tubes  were needed t o  a c c u r a t e l y  

p o s i t i o n  t h e  unruly nichrome wires dur ing  t h e  c a s t i n g  of t h e  furnace.  

The fo l lowing  procedure was used t o  c o n s t r u c t  t h e  furnaces.  The 

ampoule i n  which t h e  organic  compound was conta ined  was a Pyrex tube 

(I .D.  = 30 mm and O.D. = 38 mm). To t h e  o u t e r  w a l l  of t h i s  sample 

tube were cemented c o p p e r c o n s t a n t a n  thermocouples (AWG = 36). The 

mold i n  which t h e  r e s i n  was t o  be c a s t  w a s  cons t ruc t ed  of a 70 mm 

I.D. thin- wal led  Pyres t ube  w i t h  a l e n g t h  equal t o  t h a t  of t h e  

r e s u l t i n g  furnace.  The c a p i l l a r y  tubes  which conta ined  t h e  nichrome 

w i r e s  were c u t  a few mil l ime te r s  s h o r t e r  than t h e  l e n g t h  of t h e  mold. 

The empty c a p i l l a r y  tubes  were a t t a c h e d  t o  t h e  i n n e r  w a l l  of t h e  mold 

u s i n g  paper  c l ips .  The c a p i l l a r y  tubes  were then a t t a c h e d  t o  t h e  mold 

us ing  a few drops of c a s t i n g  r e s i n  a long  t h e  l e n g t h  of t h e  tubes. 

After all of t h e  c a p i l l a r y  tubes were glued i n  place,  t h e  paper c l i p s  

were removed and t h e  nichrome w i r e s  were threaded  through t h e  tubes. 

The sample ampoule was placed i n s i d e  t h e  mold con ta in ing  t h e  h e a t i n g  

wires. I n  o r d e r  t o  con ta in  the c a s t i n g  r e s i n ,  a t h i n  rubber  diaphragm 

was used t o  s e d  one end of the "tube w i t h i n  a tube" a n n u l a r  assembly. 

The rubber diaphram was glued i n  p l ace  us ing  s i l i c o n e  s e a l a n t .  The 

mold was f i l l e d  w i t h  r e s i n  which w a s  allowed t o  harden f o r  a few 
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days. 

After po lymer iza t ion  of t h e  r e s i n  w a s  complete, t h e  o u t e r  Pyrex 

tube, the mold, w a s  remared by h i t t i n g  i t  w i t h  a hammer caus ing  i t  t o  

s h a t t e r .  The nichxome w i r e s  were connected t o  one ano the r  and then t o  

a power supply. The t h r e e  fu rnaces  used i n  t h i s  work are shown i n  

Figures  3 . 1  t o  3 . 3 .  Figure  3.1 i s  a photograph of t h e  furnace 

c o n s i s t i n g  of a s i m p l e  h e a t i n g  zone on t h e  top and a coo l ing  on 

t h e  bottom. F igure  3.2 i s  a p i c t u r e  of t h e  furnace w i t h  t h e  b o o s t e r  

h e a t e r  modification, and F igu re  3 . 3  i s  a p i c t u r e  of t h e  same type of 

furnace wi th  a l a r g e r  aspect  r a t i o .  Schematic drawings of each 

furnace a r e  shown i n  Figures  3 . 4  t o  3 . 6  r e spec t ive ly .  

3 .  Exp er imental  Procedure 

zone 

After  assembly of t h e  model Bridgman-Stockbarger appa ra tus  w a s  

complete, it was wired f o r  c o m e c t i o n  s t u d i e s .  The nichrome h e a t i n g  

w i r e s  were connected t o  an AC au to t r ans fo rmer  (Variac) .  I f  a b o o s t e r  

h e a t e r  was t o  be used, t h e  boos te r  w a s  wi red  t o  fou r  s e p a r a t e  Variacs; 

approximately one q u a r t e r  of t h e  boos te r  h e a t e r  was c o n t r o l l e d  by each 

of these fou r  Variacs.  I n  t h i s  way, t h e  azimuthal thermal p r o f i l e  of 

t h e  furnace i n  t h e  r eg ion  of t h e  i n t e r f a c e  could be c o n t r o l l e d  by 

a d j u s t i n g  t h e  v o l t a g e  of one or more Variacs. 

Since r a t h e r  s h o r t  p i e c e s  of nichrome w i r e  were be ing  used as 

hea t ing  elements i n  t h e  furnace,  two precaut ionary  measures were 

necessary in o r d e r  t o  a c c u r a t e l y  regulate tempera ture  and t o  prevent 

s e r i o u s  damage t o  t h e  furnace.  F i r s t ,  t h e  f o u r  Variacs, each 

connected t o  a q u a r t e r  of t h e  b o o s t e r  hea te r ,  were not  plugged 

d i r e c t l y  i n t o  a w a l l  socket,  but were all plugged i n t o  a f o u r w a y  

o u t l e t ,  which i n  t u r n  w a s  connected t o  ano the r  Variac plugged i n t o  a 

w a l l  o u t l e t .  I n  t h i s  way, v o l t a g e  t o  t h e  b o o s t e r  h e a t e r  w a s  
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Figure  3 . 4 .  
"X" denotes  t h e  p o s i t i o n  of a thermocouple (TC). 
thermocouples are measured from t h e  bottom of t h e  furnace.  The 
fu rnace  con ta ins  28 nichroue heat ing wires  spaced 7.8 mm a p a r t .  

Schematic diagram of appa ra tus  p i c t u r e d  i n  F igu re  3.1. 
The p o s i t i o n s  of t h e  
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BOOSTER HEATER 

Figure 3.5. 
"X" denotes  t h e  p o s i t i o n  of B thermocouple (TC). The p o s i t i o n s  of t h e  
thermocouples are  measured from t h e  bottom of t h e  b o o s t e r  hea te r .  
Thermocouples 4 t o  7 and 8 t o  11 are  c i r c u m f e r e n t i a l l y  mounted and are  
equally spaced. TC# 4 and TC# 8 are mounted on t h e  f r o n t  of t h e  
furnace. Thermocouples 1 t o  3 and 1 2  t o  1 7  are a c t u a l l y  p o s i t i o n e d  on 
the  r e a r  of t h e  furnace b u t  are p i c t u r e d  as be ing  on t h e  s i d e  f o r  
c l a r i t y .  
wires spaced 8.1 mm apa r t .  

Schematic diagram of appa ra tus  p i c t u r e d  i n  F igu re  3 . 2 .  

The fu rnace  and boos te r  heater c o n t a i n  27 nichrone h e a t i n g  
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F igu re  3.6. Schematic diagram of apparatus  p i c t u r e d  i n  F igu re  3 . 3 .  
"X" denotes  t h e  p o s i t i o n  of a thermocouple (TC). 
thermocouples are measured from t h e  bottom of t h e  boos te r  hea te r .  
Thermocouples 6 t o  9 and 10 t o  13 are c i r c u m f e r e n t i a l l y  mounted and 
iire equally spaced. T C I  6 and TCI 10 a r e  mounted on t h e  f r o n t  of t h e  
furnace.  Thcrrmcc~upl~s 1 tv 5 and i4 t o  1 7  are a c t u a l l y  p o s i t i o n e d  on 
t h e  rear of t h e  fu rnace  but  a r e  p i c t u r e d  as being on t h e  s i d e  f o r  
c l a r i t y .  
wires spaced 9.8 mm apa r t .  

The p o s i t i o n s  of t h e  

The fu rnace  and booster  h e a t e r  con ta in  25 nichrome hea t ing  
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stepped-down, enab l ing  t h e  power t o  each q u a r t e r  of t h e  b o o s t e r  t o  be 

c a r e f u l l y  fine-tuned. The second p recau t ion  w a s  t o  r e p l a c e  t h e  8 

ampere fuses  i n  t h e  Var iacs  ( t h e s e  were t h e  r a t e d  f u s e s )  w i th  3 ampere 

fuses .  Th i s  a s su red  t h a t  a nichmme w i r e  could no t  g e t  so h o t  as t o  

damage the  c a s t i n g  res in .  

Af t e r  t h e  h e a t i n g  wires were connected t o  t h e i r  r e s p e c t i v e  

Variacs, t h e  furnace was clamped t o  a suppor t ing  b r a c i n g  which w a s  

anchored t o  t h e  w a l l .  P r i o r  t o  every experiment, t h e  ampoule w a s  

checked w i t h  a level t o  i n s u r e  t h a t  t h e r e  w a s  no tilt. The 2000 m l  

tempering beaker, which func t ioned  as a coo l ing  bath,  w a s  l i f t e d  

upward on a l a b  j a c k  u n t i l  t h e  f r e e  su r face  of t h e  water  w a s  

approximately 5mm from t h e  bottom of t h e  hea te r .  Since t h e  tempera ture  

of t h e  cool ing ba th  w a s  n e a r l y  always less  than 10°C, t h e  rate of 

condensation from t h e  atmosphere w a s  u s u a l l y  g r e a t e r  than t h e  ra te  of 
1 

evapora t ion  from t h e  coo l ing  bath. Theref o r e  water cont inuous ly  

overflowed from t h e  beaker. During t h e  more a n d  months, an 

equi l ibr ium between evapora t ion  and condensa t ion  kept t h e  coo l ing  b a t h  

f i l l e d  t o  a cons t an t  level, s l i g h t l y  less than t h e  capac i ty  of t h e  

beaker. The tempering beaker sat upon a magnetic s t i r r e r  which 

provided c i r c u l a t i o n  f o r  t h e  water i n s i d e  t h e  beaker. Cooling w a s  

e f f e c t e d  us ing  a Neslab EN350 flow-thru c o o l e r  coupled w i t h  a VWR 1130 

heatedpump which c i r c u l a t e d  t h e  coo l ing  f l u i d  through t h e  jacket of 

t h e  tempering beaker. 

A t  t h e  commencement of an experiment, t h e  o rgan ic  compound w a s  

melted and poured i n t o  t h e  sample tube. The tube was f i l l e d  t o  a 

level j u s t  beneath t h e  top  of t h e  furnace.  The booster ,  main hea te r ,  

and coo le r  were turned  on and a d j u s t e d  t o  t h e  d e s i r e d  s e t t i n g s .  

Convection s t u d i e s  were begun a f te r  tempera tures  i n  t h e  furnace and 
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0 cool ing ba th  v a r i e d  less  than 0.2 C over a one hour period, i n d i c a t i n g  

s teady-state  cond i t ions  were reached. Steady-state condi t ions were 

reached 8 t o  1 2  hr. a f t e r  t h e  furnace and cool ing ba th  were turned 

on. 

4. Temperature Measurements 

The temperatures i n  t h e  h e a t e r  and c o o l e r  were measured using 

Te f lowcoa ted  coppe rcons tan tan  thermocouple8 (AWG36, diameter-0.005 

inch).  The thermocouple junc t ion  w a s  made by t w i s t i n g  t h e  ends 

toge the r  and so lde r ing  them. The thermocouples were connected through 

a s e l e c t o r  w i t c h  t o  a d i g i t a l  thermometer t h a t  read t o  5 0.1 C w i th  

an e l e c t r o n i c  ice point. Each thermocouple w a s  checked by measuring 

t h e  temperature of a beaker of ice-water and t h e  temperature of a 

beaker of water a t  room temperature. When dl thermocouples measured 

t h e  same temperature i n  each of t hese  f l u i d s ,  with no more than 0.loC 

va r i a t ion .  i t  was assumed t h a t  they worked properly. 

0 

Two methods were used t o  mount t h e  thermocouples i n  t h e  furnace. 

The first method w a s  used only f o r  t h e  furnace l a c k i n g  a booster  

heater.  To mount t h e  thermocouples, a hole  w a s  d r i l l e d  through the  

p las t ic  w a l l  of t h e  f i n i s h e d  furnace. The thermocouple w a s  i n s e r t e d  

i n t o  t h e  ho le  and anchored i n t o  place using a drop of c a s t i n g  r e s in .  

The b o r e h o l e  was then sealed using s i l i c o n e  sealant .  The second 

method e n t a i l e d  cementing the thermocouples t o  t h e  o u t e r  w a l l  of t h e  

sample tube p r i o r  t o  casting. The thermocouples were thereby anchored 

i n  place when t h e  furnace w a s  cast. The former method of mounting t h e  

thennocouples w a s  used only once because of the i~herent  d i f f i c - i c y  i n  

a c c u r a t e l y  pos i t i on ing  t h e  0.005 inch  diameter thermocouple i n  t h e  

c e n t e r  of a 0.625 i nch  deep, 0.125 inch diameter hole. The l a t t e r  
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method of mounting t h e  thermocouples w a s  s u p e r i o r  because of t h e  

r e l a t i v e  ease w i t h  which t h e  end of t h e  w i r e  could be a c c u r a t e l y  

posi t ioned and f a s t e n e d  t o  t h e  sample tube p r i o r  t o  c a s t i n g .  

The p o s i t i o n s  of t h e  thermocouples i n  each of t h e  t h r e e  fu rnaces  

are shown i n  F igu res  3.4 t o  3.6. 

5 .  I l l umina t ion  

I n  o rde r  t o  v i s u a l i z e  convection. i t  w a s  necessary  t o  i l l u m i n a t e  

a r e l a t i v e l y  p l a n a r  p o r t i o n  of t h e  m e l t ,  This w a s  done us ing  t h e  

l i gh t - cu t  technique descr ibed  by P o t t s  ( 2 ) .  A 0.SmW He-Ne laser  w a s  

used as a l i g h t  source. Approximately 3 c m  from t h e  laser  w a s  a 

c y l i n d r i c a l  l e n s  which elongated t h e  beam. Approximately 50 c m  from 

t h e  l a s e r  was a second c y l i n d r i c a l  l e n s  which focused t h e  beam i n t o  a 

sl i t .  Ninety cen t ime te r s  from t h e  laser. t h e  l i g h t  s l i t  en te red  t h e  

t o p  of the  apparatus  and shined s t r a i g h t  down through t h e  m e l t .  

A t  t h e  top of t h e  furnace. t h e  l i g h t  s l i t  w a s  shaped like an 

elongated e l l i p s e .  w i t h  a major axis of 3 1  mm and a minor axis of 5 

mm. Since a laser is  a very  b r i g h t  and non-divergent l i g h t  source. i t  

i l l umina ted  p r imar i ly  t h e  p a r t i c l e s  suspended i n  t h e  m e l t .  and y e t  did 

n o t  illuminate t h e  appara tus  t o  any s i g n i f i c a n t  degree. This  f e a t u r e  

made the l a s e r s l i t  method e s p e c i a l l y  s u i t a b l e  t o  i l l u m i n a t e  t h e  

particles i n  o r d e r  t o  photographica l ly  record t h e i r  motion. 

6 .  Convection S t u d i e s  

The convec t ive  s t r eaml ines  i n  t h e  m e l t  w e r e  v i s u a l i z e d  by 

photographica l ly  record ing  t h e  p a t h l i n e s  of t h e  s u l f u r  suspended i n  

t h e  m e l t .  (Under low power magni f ica t ion .  t h e  s u l f u r  p a r t i c l e s  

appeared as i r r e g u l a r l y  shaped f l akes .  The 95% conf idence  i n t e r v a l ,  

w i t h  19 degrees of freedom. f o r  t h e  mean m a x i m u m  l e n g t h  of a f l a k e  w a s  

0.054 2 0.OlOmm.) A f t e r  steady s ta te  cond i t ions  were reached. 2 t o  3 
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mg n€ rublimated s u l f u r  p a r t i c l e s  were s p r i n k l e d  i n t o  t h e  m e l t .  The 

upper p o r t i o n  of t h e  m e l t  w a s  mildly a g i t a t e d  w i t h  a s t i r r i n g  rod i n  

o r d e r  t o  d i s p e r s e  t h e  s u l f u r .  After w a i t i n g  a t  least  15 minutes. t h e  

p a t h l i n e s  of t h e  p a r t i c l e s  were recorded by a t i m e  exposure 

photograph. V i s u a l  i n s p e c t i o n  of t h e  m e l t  r evea led  t h a t  approximately 

75% of t h e  s u l f u r  rena ined  suspended f o r  3 hours, and approximately 

25% remained suspended f o r  a t  least 24 hours. 

P i c t u r e s  were taken using a Nilcon J?M2 camera w i t h  a 5 5  mm Nikon 

Micro-Niklcor macro lens .  Black and w h i t e  Kodak Tri-X pan f i l m  

(ASA/ISO speed 400) w a s  used. The s h u t t e r  was manually ope ra t ed  w i t h  

a 1 2  i n c h  remote cab le  re lease.  Exposures were timed us ing  a s t o p  

watch. and ranged from 2 s t o  over 2 minutes. 

The v e l o c i t i e s  of t h e  p a r t i c l e s  i n  t h e  m e l t  were c a l c u l a t e d  from 

t h e  l e n g t h  of t h e  s t r e a k s  on the photograph caused by t h e  motion of 

t h e  p a r t i c l e s .  t h e  magnification. and t h e  t i m e  of exposure. 
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Chapter IV. 

E q e r i m e n t a l  Results 

Convection i n  t h e  Bridgman-Stoclcbarger technique w a s  v i s u a l i z e d  

i n  three d i f f e r e n t  furnaces:  a t h r e e  zone furnace (heater .  b o o s t e r  

h e a t e r ,  and coo le r )  of a spec t  r a t i o .  b4.8; a second t h r e e  zone 

furnace. k 6 . 7 ;  and a simple two zone furnace ( h e a t e r  and coo le r ) .  

Phenyl s a l i c y l a t e .  s a l o l .  w a s  t h e  organic  compound used as t h e  model 

m e l t  i n  all experiments except f o r  t h e  t r a n s i e n t  obsen ra t ions  made i n  

t h e  two zone furnace.  Benzophenone w a s  used i n  those  experiments. 

The convective s t r eaml ines  were v i s u a l i z e d  by t h e  s t r e a k s  on a t i m e  

exposure photograph caused by t h e  motion of t h e  p a r t i c l e s  suspended i n  

t h e  melt. Since a very  wide range of convec t ive  flow v e l o c i t i e s  w a s  

o f t e n  observed du r ing  a s i n g l e  experimental  run. two o r  more 

photographs of d i f f e r e n t  exposure times were needed t o  c l e a r l y  r e so lve  

t h e  convective flaw. Photographs were u s u a l l y  t aken  from two 

d i f f e r e n t  views, f r o n t  and s ide.  i n  o r d e r  t o  g e t  an i n d i c a t i o n  of t h e  

t h r e e  dimensional s t r u c t u r e  of t h e  flow. 

1. Three Zone Furnace. k 4 . 8  -- 
Figures 4.1 t o  4.8 show t h e  e f f e c t s  of an i n c r e a s i n g l y  v e r t i c a l l y  

d e s t a b i l i z i n g  tempera ture  g rad ien t  on convection. S t a r t i n g  w i t h  

F igu re  4.1, an experimental  run i n  which no power w a s  supp l i ed  t o  t h e  

booster  heater .  t h e  power supply t o  t h e  main h e a t e r  was reduced and 

t h a t  t o  the boos te r  w a s  i nc reased  (F igu res  4.2 and 4.3). Figures  4.4 

t o  4.7 show t h e  observed convec t ion  when t h e  main h e a t e r  w a s  turned 

o f f  completely and power was suppl ied only t o  t h e  boos te r  heater .  

I n  o r d e r  t o  document t h e  e f f e c t s  of thermal asymmetry on 
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convection. an asymmetrical thermal f i e l d  was c r e a t e d  by reducing t h e  

power suppl ied t o  one quadrant  of t h e  boos te r  h e a t e r  by approximately 

3 a .  r i g h t  quadrant  of the boos te r  (when viewed from t h e  f r o n t )  

w a s  approximately 5 C coo le r  than t h e  o t h e r  t h r e e  quadrants  as 

measured w i t h i n  t h e  boos te r  a t  t h e  o u t e r  ampoule w a l l .  These results 

are s h m n  i n  F igu re  4.8 .  v e r t i c a l  

alignment are shown i n  Figures  4.9a t o  4 . 9 ~ .  

The 

0 

The e f f e c t s  of a 7' d e v i a t i o n  from 

Table 4.1 g i v e s  t h e  experimental run number f o r  each f i g u r e  i n  

t h i s  t h e s i s .  The Raplan numeral g i v e s  t h e  number of t h e  l a b o r a t o r y  

notebook and t h e  Arabic numeral g i v e s  t h e  page number. Table 4.1  a lso  

d e s c r i b e s  t h e  axial  temperature c o n f i g u r a t i o n  of t h e  fu rnace  and t h e  

symmetry of t h e  observed f low f i e l d .  

Table 4.1 .  Experimental run and corresponding t h e s i s  f i g u r e  number. 

A s t a b i l i z i n g  or d e s t a b i l i z i n g  tempera ture  p r o f i l e  near  t h e  i n t e r f a c e  

is abbrev ia t ed  as stb. or destb.  r e s p e c t i v e l y .  A symmetrical o r  

asymmetrical florv f i e l d  is abbrevia ted  as sym. or  asym. r e s p e c t i v e l y .  

Run 
1-44 
1-47 
1-49 
1-5 2 
1-21 
1-6 2 
1-5 5 

- Figure  
4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 

1-6 6 4.8 
1-7 1 4.9 

11-1 2 4.10 
11-1 1 4.11 
11-10 4.12 

II-7a 
11-7 b 
11-8 
11-9 

4.13 
4.14 
4.15 
4.16 

Temp. P r o f i l e  
s t b .  
s tb .  
s t b .  

destb.  
destb.  
destb.  
destb.  

destb.  
destb.  

destb.  
destb.  
destb.  

s t b .  
s tb .  
s t b .  
s t b .  

Convection 
asym. 
a sym.  

s y m -  
a s y m .  

sym. 
sym. 
sym.  

asym. 
asym. 

sy m- 
asym.  
asym. 

asym.  
sym. 

asym. 
a sym.  
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MAIN HEATER 

- .  r i g u r e  4 . la .  P l o t  of temperature  of t h e  o u t e r  wall of the- Pyrex 
sample ampoule vs.  v e r t i c a l  p o s i t i o n  f o r  run 1-44. The l o c a t i o n  of 
the me l t - so l id  i n t e r f a c e  was 48.5 a m  above t h e  bottom of che b o o s t e r  

heater .  The temperature  of t h e  coo l ing  ba th  was 1.5 C. 
0 
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F i g u r e  4 .  lb .  Photographs of t h e  convec t ive  v e l o c i t y  f i e l d  
co r re spond ing  t o  t h e  temperature  p r o f i l e  of F i g u r e  4 . l a .  The 
photographs are  a 4 second (on t h e  l e f t )  and a 3 2  second t i m e  exposure 
of t h e  f r o n t  view. 
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r=====l FRONT 

Figure  4 .IC. Schematic r e p r e s e n t a t i o n  of t h e  convec t ive  v e l o c i t y  
f i e l d  shown i n  F igu re  4.lb. V e l o c i t i e s  are  i n  n d s .  

T W  
1 
2 
3 

4 
5 
6 

- 

-- 

7 

Temp (OC) 
42.9 
45.9 
44.4 

38.8 
38.4 
-- 

- 
38.2 T = 38.5 + 0.3 - 

-- 
8 17.6 
9 17.8 
10 17.2 

11 18.4 T = 17.8 2 0.5 - 
-- 

- ... 

b a t h  temp = 1.5 
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Figure  4.2a. P l o t  of temperature of t h e  o u t e r  w a l l  of ?he Pyrex 
sample ampoule vs. ver t i ca l  p o s i t i o n  f o r  run 1-47. The l o c a t i o n  of 
t h e  melt -sol id  i n t e r f a c e  was 25.8 urn above t h e  bottom of t h e  boos te r  

'neater. The temperature  of t h e  cool ing  ba th  vas 1.4 OC. 
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Figure 4.2b. Photographs of t h e  c o n v e c t i v e  v e l o c i t y  f i e l d  
corresponding t o  t h e  t empera tu re  p r o f i l e  of F i g u r e  4.2a. The upper 
photographs are a 4 second (on t h e  l e f t )  and 120 second t i m e  exposure 
of the f r o n t  view. The lower photographs are a 8 second ( l e f t )  and 
120 second t i m e  exposure of t h e  s i d e  view. 

-. 
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PFAure 4 . 2 ~ .  Schematic r ep resen ta t ion  of t h e  convec t ive  v e l o c i t y  
f i e l d  shown i n  F igu re  4.2b. Ve loc i t i e s  a r e  i n  m d s .  

T W  
1 
2 
3 

4 
5 
6 

7 

- 

-- 

-- 
a 
9 
10 

11 

50.1 
49.9 

48.1 
48.2 

47.6 

-- 
- 
T = 48.0 2 0.3 

31.0 

31.2 

31.2 T = 31.0 + 0.2 

30.8 

- 
- 

- T W  Temp (OC) 
1 2  15.1 
13 2.8 
14 1.5 
15 1.4 
16 1.4 
17 1.4 

ba th  temp = 1.4  
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I/ 

Figure 4.3a. Plot of t m p e r a t u r e  of t h e  o u t e r  wall of t h e  Pyre:: 
sample ampoule vs. v e r t i c a l  p o s i t i o n  f o r  run 1-49. The l o c z t i o n  of 
t h e  n e l t - s o l i d  i a t e r f a c e  i s  23.3 Iiim above t h e  bottorr! of T;IP boos t z r  

heizter. The temperature  of t h e  coo l ing  ba th  was 1.5 0 C. 
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- 
F i g u r e  4 . 3 b .  Photographs of t h e  convec t ive  v e l o c i t y  f i e l d  
co r re spond ing  t o  t h e  temperature  p r o f i l e  of F i g u r e  4.3a. The upper 
photographs a 4 second ( l e f t )  and 30 second t i m e  exposure of t h e  
f r o n t  view. The lower photograph is a 16 second t i m e  exposure t h e  
s i d e  view. 

are  
of 
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14 
15 
16 

17 

-I/ I N T E R F A C E  

17 

_. z i g u r e  4 . 3 ~ .  Schematic r e p r e s e n t a t i o n  of t h e  convec t ive  v e l o c i t y  
f i e l d  shown i n  F igu re  4.3b. V e l o c i t i e s  are i n  rids. 

- T W  Temp (OC) 
1 49.4 
2 53.6 
3 53 .S 

4 53.4 
5 53.2 
6 

-- 

-- 

TC3 Temp (OC) 
12  7.8 
- 
13 2.0 
14 1.6 
15 1.6 
16 1.6 
17 1.5 

b a t h  temp = 1.5 - 
7 52.4 T = 53.0 - + 0.5 

8 32.6 
9 32.8 
10 33 .O 

11 32.4 T = 32.7 + - 0.3 

-- 

- 
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FiAure 4.4a.  P l o t  of t m ? e r a t u r e  of t n s  o.Jtsr v a l l  of t h e  Pyre:: 

c k e  m l t - s o l i d  i n t e r f a c e  vas 13.6 xnn above t5.e ~ o t ~ o ~  of t he  b o o s t e r  

hea te r .  T h e  t m p e r a t u r e  of t h e  c o o l i n s  bath : J Z S  1.5 C. 

sample ampoule VS. v e r t i c a i  p o s i t i o n  f o r  run 1-52. c-,. i-ie l o c z t i o n  of 

0 
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Figure  4.4b. Photographs of t h e  convec t ive  v e l o c i t y  f i e l d  
cor responding  t o  t h e  t empera tu re  p r o f i l e  of F i g u r e  4.4a.  The l e f t  and 
r i g h t  photographs are  4 second t i m e  exposures  of f r o n t  and s i d e  views 
r e s p e c t i v e l y  . 
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1 SIDE I 

Figure  4 . 4 ~ .  Schematic r e p r e s e n t a t i o n  of t h e  convect ive v e l o c i t y  
f i e l d  shown i n  FiZure 4.4b. V e l o c i t i e s  are i n  m d s .  

- TCI Temp (OC) 
1 37.8 
2 42.5 
3 43.7 

4 48.8 
5 47.8 
6 -- 

-- 

. .. _ _  .... _-  - 

- TC3 Temp (OC) 

12 11.3 
13 2.5 
14 2.0 
15 2.0 
16 1.9 
17 1 .a 

- bath temp = 1.5 7 48.0 T = 48.2 + 0.5 

8 41.2 
9 41.5 
10 -?A .A 

11 41.7 = 41.5 _+ 0.2 

-- 

A 1 ,z 
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I COOLER / MAIN HEATER 

F i g u r e  4.5a. P l o t  of tw.-,erature of t h e  o u t e r  :;ail 02 ?yre:: 
SSnpie a ~ p o u l e  vs. v e r t i c z l  p o s i t i o n  for run 1-21. T:le l o c z c i c n  of 
t h e  z e l t - s o l i J  i n t e r f a c e  vas 5 . 3  z m  aJov1c :he botto::. 3 2  i:c s o o s t e r  
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F i g u r e  4.5b. Photographs of t h e  convec t ive  v e l o c i t y  f i e l d  
co r re spond ing  t o  t h e  temperature  p r o f i l e  of F i g u r e  4.5a.  The l e f t  and 
r i g h t  photographs a r e  2 and 4 second time exposures  of t h e  f r o n t  
v i s w  . 
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~ 5 , 8  
Wl. 9 

~ 1 . 3  

~ 2 . 8  
F2.4  

- 
Figure 4.5 c. Schematic 

FRONT 

- 

r e p r e s e n t a t i o n  of t h e  convect ive ve loc i t ;?  
field shown i n  F igu re  4.5b. V e l o c i t i e s  are i n  d s .  

TC# - 
1 
2 
3 

4 
5 
6 

7 

-- 

-- 
8 
9 
10 

11 

Temp ( O C )  

3 7 . 9  
42.1 
43.4 

48.8 
48.4 
-- 

TC# Temp (OC) 

12 30.3 
- 
13 10.1 
14 1.8 
15 1.6 
16 1.4 
17 1.3 

- ba th  temp = 1.4 
T = 48.6 + 0.2 - 48.6 

50.5 
50.2 
50.8 

50.1 
- 
T = 50.4 + 0.3 - - 
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1. k i l ;u re  4.6a. P l o t  of t enpe ra tu re  of t k e  outer :mi1 of t h e  Pyre;: 

s a c p l e  a v p c ~ l e  vs. v e r t i c a l  p o s i t i o n  f o r  run 1-62. The  l o c a t i o n  of 
:he clel t -sol id  i n t e r f a c e  vas 13.2  :XI above t h e  bot tcr .  of t h e  b o o s t c r  
heater. The tenperature of t h e  cooi iny  bath :;as 1.9 0 C. 
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P. 21,urc 4.6b. PhotoSrs?;is of t h e  convec t ive  ~ t ? l o ~ i t - .  , f i e l l  
cor res?onainz  t o  t h e  t m p e r a t u r e  p r o f - i l e  of Fipre 4-62.. Tli? l e z t  a i i ~  
ri2:ht ?hotographs a rc  4 second tine ~ : ~ o s u i e s  of t h e  f r o n t  and s i d e  
views r c's pe  c t i v e l  y . 
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Figure  4 . 6 ~ .  Schematic r e p r e s e n t a t i o n  
f i e l d  shown i n  F i g u r e  4.6b. V e l o c i t i e s  

- TCO Temp (OC) 
1 50.2 
2 54..7 
3 56.7 

4 62.6 
5 62.5 
6 -- 

62.7 7 

8 56.7 
9 56.6 
10 56.5 

11 56.5 T = 56.6 5 0.1 

-- 

- 
T = 62.6 + 0.1 - -- 

- 

of t h e  convec t ive  velocicj .  
are i n  d s .  

- TC# Temp (OC) 
12 i4 .a  
13 4.6 
14 2.2 
15 2.1 
16 2.1 
17 2.1 

b a t h  temp = 1.9 
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Figure 4.7a. If temperature of the outer wall of the  Pyrex 
sample ampou v e r t i c a l  p o s i t i o n  for  run 1-55. The locat ion  of 
the  melt-soli-face was 4.7 mm above the bottom of the booster 

heater. The tture of the cooling bath was 1.3 0 C. 
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Figure  4.7b. Photographs of the convect ive v e l o c i t y  f i e l d  
corresponding t o  the temperature p r o f i l e  of F igu re  4.7a. The l e f t  a n d  
r i g h t  photographs are 2 second time exposures of t he  f r o n t  and s i d e  
views r e spec t ive ly .  
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F i g u r e  4.7~. Schematic r e p r e s e n t a t i o n  of t h e  convec t ive  v e l o c i t y  
f i e l d  shown i n  F igure  4.7b. V e l o c i t i e s  are  i n  n d s .  The poor q u a l i t y  
of t he  photograpn of t h e  s i d e  view prevented t h e  c a l c u l a t i o n  of many 
vel o c i  t i es . 
- TCb Temp (OC) 
1 49.9 

..__ 

- TC# Temp (OC)  
12 24.4 

2 57.8 13 4.6 
3 60.0 14 2.2 
-- 15 2.0 
4 66.7 16 1.9 
5 66.1 17 1.8 
6 
7 66.8 T = 66.5 2 0.4 

8 66.5 
9 66.6 
10 66.7 
11 66.9 T = 66.7 2 0.2 

-- 
- bath temp = 1.3 

-- 

- 
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MAIN HEATER 

Figure  4.8a. P l o t  of temperature  of t h e  o u t e r  wall of t h e  Pyrex 
sample ampoule VS. v e r t i c a l  p o s i t i o n  f o r  run 1-60. The l o c a t i o n  of 
t h e  mel t - so l id  i n t e r f a c e  was 15.9 an above t h e  bottom of t h e ' b o o s t e r  

0 neater. The temperature  of t h e  coo l ing  ba th  was 1.5 C. 
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Figure 
canditb. Photographs of the convective ve loc i ty  f i e l d  under -- - 
are The l e f t  and r ight  photographs 
me cool time exposures of the front and s i d e  views respectively.  
direct ly-ant  Of the ampoule i s  t o  the right  i n  the front view and 

4 f large thermal asymmetry. 

2 rear i n  the s i d e  v i a .  
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Figure 4.8~. Schematic representation of the convective ve loc i ty  
f i e l d  shcwn i n  Figure 4.8b. The cool quadrant of the ampoule i s  t o  the 
right  i n  the front view and direct ly  t o  the rear in  the s i d e  view. 
Ve loc i t i e s  are i n  d s .  

44.7 
46.3 

51 .O 
49.0 -- 
51  .O 

44.6 
40.5 
44.7 

45.3 

- T W  Temp (OC) 
12 11.9 
13 4.4 
14  2 .o 
15 1.9 
16 1.8 
17 1.7 

b a t h  t emp  = 1.5 - 
T = 50.3 2 1.2  

- 
T = 43.8 2 2 . 2  
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MAIN HEATER 

POSITION (Irm) 

Figure  4.9a. P l o t  of temperature  of t h e  o u t e r  w a l l  of t h e  
sample ampoule vs. axih p o s i t i o n  for run 1-71. The ampoule w a s  

t i l t e d  7' from ver t ica l  alignment. The l o c a t i o n  of t h e  mel t - so l id  
i n t e r f a c e  w a s  11.1 mm above t h e  bottom of t h e  boos te r  hea te r .  The 
temperature  of t h e  coo l ing  ba th  was 1.5 0 C. 
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of t h e  convec t ive  v e l o c i t y  f i e l d  when t h e  F i g u r e  4.9b. Photographs 

ampoule is t i l t e d  7'. The l e f t  and r i g h t  photographs a re  4 second 
t i m e  exposures  of t h e  f r o n t  and s i d e  views r e s p e c t i v e l y .  The s l i g h t  
t i l t  of t h e  furnace  is c lear ly  s e e n  i n  t h e  f r o n t  view. I n  t h e  s i d e  
view, t h e  f u r n a c e  is t i l t e d  toward t h e  camera. 
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Figure  4 . 9 ~ .  

FRONT 3 
1 Ql 2 

v= 

81de 

Schematic r e p r e s e n t a t i o n  of the convect ive  v c i o c i t y  

TC# 
1 
- 

\ 
/ 

1 

2 

3 

4-7 

/ 

8-U 
12' 
13 

14 
15 
16 

17 

f i e l d  shown i n  F i g u r e  4.9b. V e l o c i t i e s  a r e  i n  n d s .  

2 
3 

4 
5 
6 
7 

-- 

-- 
8 
9 
10 

11 

Temp ('(2) 
40.9 
45.4 
47.9 

51.5 
51.5 
-- 

- T W  Temp (OC) 
12  15.9 
13 6.7 
14 2.2 
15 1.9 
16 1.8 
17 1.8 

- b a t h  temp = 1.5 
50.3 T = 51.1 + 0.7 - 

46.4 
46.1 
46.6 

45.0 
- 
T = 46.0 + 0.7 - 
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2. Three Zone Furnace. k 6 . 7  -- 
ConveCtion was observed i n  a s l i g h t l y  longer  t h r e e  zone furnace.  

In  t h e s e  s t u d i e s  no power was suppl ied t o  t h e  furnace.  Power w a s  

suppl ied  only t o  t h e  booster  hea te r ,  i n  i nc reas ing  amounts i n  each 

subsequent run. The results a re  summarized i n  F igures  4.10 t o  4.12. 

3. Tbo Zone Furnace -- 
The s teady state melt-solid i n t e r f a c e  i n  t h e  three-zone furnace 

experiments w a s  always planar. To see i f  t h i s  w a s  r e l a t e d  t o  t h e  

apparent  lack of c o w e c t i o n  near t h e  i n t e r f a c e  i n  t h e  v e r t i c a l l y  

s t a b i l i z e d  conf igura t ion .  observa t ions  were made dur ing  melt-down i n  

which t h e r e  was a l a r g e  i n t e r f a c i a l  curvature .  I n  a two zone furnace  

i n  which t h e  benzophenone had completely s o l i d i f i e d ,  power t o  t h e  

furnace  was turned  on. As t h e  organic  compound began t o  m e l t .  a very  

convex i n t e r f a c e  formed. The i n t e r f a c e  became p rogres s ive ly  more 

p l ana r  as t h e  m e l d s o l i d  i n t e r f a c e  receded t o  i t s  equi l ibr ium 

pos i t ion .  The r e s u l t s  of one such run are shown i n  F igures  4.13 and 

4.14. The data and photos f o r  two f i g u r e s  were sepa ra t ed  i n  t i m e  by 

about 50 minutes. The results of a second run are shown i n  F igures  

4.15a t o  4 . 1 5 ~ .  F i g u r e  4.16b is a 120 second t i m e  exposure photograph 

t aken  dur ing  another  run. I n  t h i s  f i g u r e  t h e  i n t e r f a c e  i s  only 

s l i g h t l y  convex. 

In genera l  it w a s  found t h a t  t h e  l a c k  of convect ion near  t h e  

i n t e r f a c e  in t h e  v e r t i c a l l y  s t a b i l i z e d  conf igu ra t ion  had noth ing  t o  do 

wi th  i n t e r f  a c i d  curvature .  For t h i s  conf igura t ion .  convect ion w a s  

absent  near  t h e  i n t e r f a c e  when t h e  i n t e r f a c e  w a s  p l a n a r  as w e l l  as 

when h ighly  cunred. 
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MAIN HEATER 

Figure 4.10a. P l o t  of  t m p e r a t u r e  of t h e  o u t e r  wa11 ol t h e  Pyre:: 
sample ampoule vs. v e r t i c a l  p o s i t i o n  f o r  r'an 11-12. The l c c a t l o n  of 
t n e  xelr-solid i n t e r f a c e  vas 13.4 ,ila above cne bottocI of t he  j o o s t e r  

heater .  Tile t e n p e r a t u r ?  of t h e  c o o l i n s  bat11  as 1.3 C. 
0 
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F i g u r e  4.10b. Photographs of t h e  convec t ive  v e l o c i t y  f i e l d  
co r re spond ing  t o  t h e  temperature  p r o f i l e  of F i g u r e  4.10a. The l e f t  
photograph i s  a 4 second t i m e  evposures  of t h e  f r o n t  view. The r i g h t  
photograph is  a 2 second t i m e  exposure of t h e  s i d e  view. 
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Figure  4 . 1 0 ~ .  Schematic r e p r e s e n t a t i o n  of t h e  convect ive v e i o c i t y  
f i e l d  shown in Figure  4.10b.  V e l o c i t i e s  are  i n  m d s .  The poor 
q u a l i t y  of t h e  photograph of t h e  f r o n t  view prevented t h e  c a l c u l a t i o n  
any v e l o c i t i e s .  

._ . 

T W  
1 
2 
3 
4 
5 

6 
7 
8 

9 

- 

-- 

-- 

Temp (OC) 
40.7 
42.7 
42.9 
43.6 
47.6 

54.6 
54 .4  
54.7 

54.3 T = 54.5 2 0 
- 

- TC# Tenp (OC) 
10 23.4 
11 19.6 
12 18.4 

1 3  
- 

22.6 T = 21.0 + 2.4 - 
-- 
14 3 .O 
15 1 .7  
16 1.4 
17 1 .3  

b a t h  temp = 1.3 

, 2  
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". r l a u r e  4.11a. P l o t  of t enpe ra tu re  of t h e  o u t z r  ~ ~ e i i  of  t h e  Pyre:: 
;ar;lple ampoule vs. v e r t i c a l  p o s i t i o n  f o r  r u n  11-11. T h e  l o c a t i o n  u f  
:!:e ne l t - so l id  i n t e r f a c e  vas 3.8 :.!x ebove t h e  'iottoix of the boos te r  

0 ea te r .  The t a i p e r a t u r e  of t h e  c o o l i n g  o a t h  I J ~ S  1 . 2  C. 
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F i g u r e  4.11b. Photographs of t h e  comrect ive v e l o c i t y  f i c l d  
corresponding t o  t h e  t empera tu re  p r o f i l e  of F i g u r e  4.11a. The l e f t  
and r i g h t  photographs are 2 second t i m e  exposures  of t h e  f r o n t  and 
s i d e  views r e s p e c t i v e l y .  
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Figure  4 .llc. Schematic r e p r e s e n t a t i o n  of t h e  convect ive v e l o c i t y  
f i e l d  shown i n  F igu re  4.11b. V e l o c i t i e s  a r e  i n  m d s .  

- TC#- Temp (OC) 
1 57.4 
2 60.1 
3 60.6 
4 61.7 
5 63.9 

__- -  

- TC# Temp (OC) 
10 25 .O 
11 23.7 
12 19.3 - 

20.4 T = 22.1 + 2.7 - 13 
-- -- 

6 67.7 14 3.2 
7 67.7 15 1.8 
8 68.0 16 1.5 

17 1.4 9 68.1 T = 67.9 + 0.2 
ba th  temp = 1 . 2  

- 

-- 
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MAIN HEATER 

Figure 4.12a. Plot  of temperature of the outer w a l l  of the Pyrex 
sample ampoule vs. v e r t i c a l  pos i t ion  f o r  run 11-10. The loca t ion  of 
the me l t - so l id  interface  was 5.5 mm above the bottom of the booster 

heater. The temperature of the cooling bath was 9.6  0 C. 
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F i g u r e  4.12b. Photographs of t h e  convec t ive  v e l o c i t y  f i e l d  
co r re spond ing  t o  t h e  temperature  p r o f i l e  of F i g u r e  4.12a. The l e f t  
and r i g h t  photographs a r e  2 second t i m e  eyposures  of t h e  f r o n t  and 
s i d e  views r e s p e c t i v e l y .  
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Figure 4.12~. Schematic r e p r e s e n t a t i o n  of t h e  convect ive v e l o c i t y  
f i e l d  shown i n  F igu re  4.12b. V e l o c i t i e s  are i n  d s .  

__ 
- TC# Temp (OC) 

1 58.5 
2 61.1 
3 61.7 
4 62.6 
5 65.1 
-- 

- TCI Temp (OC) 
10 31.3 

30.1 
26.2 

26.2 

11 
12 

13 - T = 28.4 + 2.6 - -- 
14 12.3 
15 11.2 
16 11 .o 
17 11.0 

69.4 
69.2 
69.5 

6 
7 
8 
9 69.6 T = 69.4 + - 0.2 - 

b a t h  temp = 9.6 -- 
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HEATER 

S i L u r e  4.13a. P l o t  of tEqperature  of t h e  outer -./all or' t h e  ?:ire:: 
aanpie snpou le  vs. v e r t i c a l  ? o s i t i o n  for run II-7'4. T h e  locEt ion  cf 
tke n e l t - s o l i d  i n t e r f a c e  rjas 50 .7  n n i  ebove t h e  Jo t t c r i  of t h e  ~ L I X ~ C ~ .  

The t a p e r a t u r e  of t ne  coolin, jzt:? ::as 10.3 C. 
0 
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Figure  4.13b. 16 second t i m e  exposure photograph of t h e  convec t ive  
v e l o c i t y  f i e l d  co r re spond ing  t o  t h e  t e n p e r a t u r e  p r o f i l e  of F i g u r e  
4.13a. 
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Figure  4 . 1 3 ~ .  Schematic r e p r e s e n t a t i o n  of t h e  convect ive v e l o c i t y  
f i e l d  shown i n  F igu re  4.13b. V e l o c i t i e s  are i n  d s .  

2 65.1 
3 63.5 

5 56.1 
6 45.1 
7 10.8 
8 10.3 

4 59.8 
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HEATER 

I I 1 I I 1 1 I 

POSITION (mn) 

Figure 4.14a.  P l o t  of t e n p e r a t u r e  of che Outer r m l 1  of rrhe ?yrex 
s a m p i e  ampoule vs. vertical ? o s i t i o n  f o r  run 11-73.  T h e  l o c z t i o n  of 
t h e  r:.cit-solid i n t e r f a c e  w a s  35.0 IXL~ above t k e  b o t t o n  of t h e  furnace.  

The temperature of t he  c o o l i n z  bath was 10.3 C. 
0 
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F i g u r e  4.14b. 16 second time exposure photograph of t h e  c o n v e c t i v e  
v e l o c i t y  f i e l d  corresponding t o  t h e  t empera tu re  p r o f i l e  of F i g u r e  
4.14a. 
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Figure  4 . 1 4 ~ .  Schematic r e p r e s e n t a t i o n  of t h e  convect ive v e l o c i t y  
f i e l d  shown i n  F i g u r e  4.14b. V e l o c i t i e s  are  i n  m d s .  

TC# 
1 
2 
3 
4 
5 
6 
7 
’ 8  

- T e ~ l p  (OC) 
66.1 
66.8 
66.5 
63.1 
56.6 
44.5 
10.8 
10.4 

b a t h  temp = 10.3 
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HEATER 

Figure  4.15a. P l o t  of temperature of t h e  o u t e r  wall of tile Pyrex  
sample  ampoule vs.  v e r t i c a l  p o s i t i o n  f o r  run 11-3. The l o c a t i o n  of 
t h e  n e l t - s o l i d  i n t e r f a c e  was 14.0 XI above the  Lottor? of the  furcace. 

.\io cool ing ba th  :7as used. Rooi- t e r i2era ture  :7a5 24.4 C. 0 ._ 
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F i g u r e  4.15b. 16 second t i m e  exposure photograph of t h e  convec t ive  
v e l o c i t y  f i e l d  cor responding  t o  t h e  t empera tu re  p r o f i l e  of F i g u r e  4.15 
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Figure  4 . 1 5 ~ .  Schematic r e p r e s e n t a t i o n  of t h e  convect ive v e l o c i t y  
f i e l d  shown i n  F igu re  4.15b. V e l o c i t i e s  a re  i n  d s .  

5 

TC# 
1 
2 
3 
4 
5 
6 
7 
8 

- Temp (OC) 
80.8 
80.3 
79.4 
77.2 
72.8 
61.7 
35.4 
28.6 

no cool ing  b a t h  
room temp = 24.4 
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F i g u r e  4.16a. P l o t  of t m ? e r a t u r e  of che o u t e r  irall of c5e Pyres  
sa[-lpls zmpoule vs.  v e r t i c a l  2 o s i t i o n  f o r  ruR 11-9. The l o c a t i o n  of 
t he  o.elt-solid i n t e r f a c e  ;7as 18.5 m a  ~ ~ I O T J C  t h e  bottoui of t h e  furnace.  

:%!o cooi ing h t n  vas used. floorr. t e r ~ p e r a t u r e  i7a3 23.2  C. 
0 
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F i g u r e  4.16b. 120 second t i m e  exposure photograph of t h e  convec t ive  
v e l o c i t y  f i e l d  corresponding t o  t h e  t empera tu re  p r o f i l e  of F i g u r e  
4.16a. 
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Figure  4 . 1 6 ~ .  Schematic r e p r e s e n t a t i o n  of t h e  convec t ive  v e l o c i t y  
f i e l d  shown i n  F igu re  4.16b. V e l o c i t i e s  a r e  i n  d s .  

._ -a. - 
- TC# Temp (OC) 
1 62.4 
2 63.6 
3 63.2 
4 61.6 
5 57.7 
6 50.4 
7 32.7 
8 27.1 

no cool ing  ba th  
room temp = 23.2 
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'I 

Chapter V. 

Discuss ion  

' h o  b a s i c  convec t ive  flow regimes, c h a r a c t e r i s t i c  of t h e  

tempera ture  p r o f i l e  i n  the furnace,  were observed. A t y p i c a l  

convec t ion  p a t t e r n  f o r  t h e  v e r t i c a l l y  s t a b i l i z e d  c o n f i g u r a t i o n  i s  

shown i n  F igure  4 . 2 ~ .  The flow f i e l d  i n  t h i s  f i g u r e  is  divided i n t o  

two regions.  In t h e  upper half  of t h e  m e l t ,  convec t ive  v e l o c i t i e s  on 

t h e  o r d e r  of 1 mm/s were typical. I n  t h e  lower h a l f  of t h e  m e l t ,  t h e  

suspended s u l f u r  particles moved a t  a rate of 0.03 t o  0.05 m d s .  The 

muvement i n  t h e  laver h a l f  was imperceptab le  t o  t h e  eye and could only 

be v i s u a l i z e d  w i t h  a time exposure photograph a t  least 30 seconds 

long. In t h e  v e r t i c a l l y  d e s t a b i l i z e d  thermal conf igu ra t ion .  t h e  flow 

f i e l d  was a g a i n  d iv ided  i n t o  two regions,  upper and lower counter  

r o t a t i o n a l  s ec t ions .  I n  bdth t h e  upper and lower areas of t h e  m e l t ,  

convec t ive  v e l o c i t i e s  were on t h e  o r d e r  of 1 d s .  

The long-exposure photographs i n  F igu re  4.2b exemplify t h e  

behavior  of t h e  convection i n  t h e  v e r t i c a l l y  s t a b i l i z e d  

configurat ion.  When viewed from t h e  f r o n t ,  t h e  flow i n  t h e  upper 

p o r t i o n  of t h e  m e l t  cons i s t ed  of a s i n g l e  c i r c u l a r  c e l l  w i th  flow 

v e l o c i t i e s  of 1 mm/s being  typical .  When viewed from t h e  s ide ,  t h e  

flow b o r e  no r e l a t i o n  t o  the  flow observed from t h e  f ront .  a l though 

t h e  magnitude of t h e  convective v e l o c i t i e s  w a s  t h e  same. The 

tempera ture  v e r s u s  p o s i t i o n  f i g u r e s ,  4 . l a  t o  4.16a. show t h a t  t h e  

tempera ture  of t h e  ampoule a t  the top  of t h e  fu rnace  decreased  w i t h  

h-2 us~6'L. ,.h& puir deata>i2kicg taperatiire ,-&udient wu.8 prvtu;iy the 

major d r i v i n g  f o r c e  f o r  convection i n  t h e  upper p o r t i o n  of t h e  melt. 
L 
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The very 

t h e  melt i n d i c a t e d  t h a t  t h e  convec t ion  was nea r ly  nonex i s t en t .  

slow motion of t h e  s u l f u r  particles i n  t h e  lower p o r t i o n  of 

A l l  long exposure photographs of convec t ion  i n  t h e  v e r t i c a l l y  

s t a b i l i z e d  c o n f i g u r a t i o n  showed t h a t  t h e  s u l f u r  moved v e r t i c a l l y  a t  a 

rate of 0.03 t o  0.05 mm/s i n  t h e  lower p o r t i o n  of the m e l t .  A s  noted 

above, t h i s  motion w a s  imperceptab le  t o  t h e  eye. The streaks t r a c e d  

by t h e  6 d f U r  particles i n  t h i s  r e g i o n  of t h e  m e l t  are so Uniform. 

both  i n  magnitude and d i r e c t i o n ,  t h a t  they probably are an i n d i c a t i o n  

of t h e  ac tua l  sed imenta t ion  v e l o c i t y  of s u l f u r  i n  a n  undis turbed  

m e l t .  Assuming t h a t  t h e  s u l f u r  f l a k e s  are spheres  w i t h  an equ iva len t  

r a d i u s  equal t o  one q u a r t e r  t h e  m a x i m u m  f l a k e  l eng th ,  S toke ' s  law 

p r e d i c t s  The d i f f e r e n c e  between t h e  

observed s e t t l i n g  v e l o c i t y  and t h a t  p r e d i c t e d  us ing  Stoke' s ' l a w  merely 

i n d i c a t e s  t h e  d i f f i c u l t y  i n  a s s i g n i n g  an equ iva len t  r a d i u s  t o  an 

i r r e g u l a r l y  shaped f l a k e .  

a s e t t l i n g  v e l o c i t y  of 0.4 m d s .  

. 
Although t h e  sed imenta t ion  of t h e  s u l f u r  was uniformly downward 

throughout t h e  lower h a l f  of t h e  m e l t ,  t h e  s t r e a k l i n e s  show a d e f i n i t e  

curvature  w i t h i n  1 cm of t h e  i n t e r f a c e .  Th i s  is  c l e a r l y  shown i n  t h e  

l o n g e x p o s u r e  photographs i n  F igu res  4 . lb  and 4.2b. Although t h e  

streaks are curved, t h e i r  l eng th ,  under s teady state condi t ions,  

c o r r e l a t e s  w i t h  an extremely slow v e l o c i t y ,  approximately 0.05 mm/s. 

Convection t h i s  slw nea r  t h e  i n t e r f a c e  is  d i f f i c u l t  t o  r e s o l v e  

photographica l ly  due t o  overexposure of t h e  film. 

The second b a s i c  flow regime observed i n  this  work was t h a t  

a s s o c i a t e d  w i t h  t h e  thermal ly  d e s t a b i l i z e d  p r o f i l e  c r e a t e d  by t h e  

booster  heater .  The major f e a t u r e s  of t h i s  type of flow are 

summarized i n  F igu re  4 . 5 ~ .  The f l w  in t h i s  f i g u r e  is  d iv ided  i n t o  

two regions. In t h e  lower reg ion  t h e  f l cw rises a t  t h e  w a l l  and 
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descends i n  t h e  center ,  and in t h e  upper region t h e  flow dorcends  it 

t h e  w a l l  and rises i n  t h e  center .  As i n  t h e  d e s t a b i l i z e d  

configurat ion.  t h e  f l o w  is complex and usua l ly  c a n ' t  be c h a r a c t e r i z e d  

s o l e l y  on t h e  b a s i s  of one view. The two except ions  are t h e  results 

shown i n  F igu res  4.6 and 4.7. I n  t h e s e  runs. convect ion  w a s  so 

symmetrical t h a t  bo th  views. f r o n t  and side.  p re sen ted  t h e  same flow 

f i e l d .  

Even though t h e  f l m  p a t t e r n s  i n  F igu res  4.6 and 4.7 are h ighly  

symmetrical. a measureable azimuthal thermal asymmetry n e v e r t h e l e s s  

e x i s t e d  i n  t h e  hea te r .  The ques t ion  t h i s  raises is, how l a r g e  a 

thermal asymmetry is necessary t o  des t roy  t h e  symmetrical c h a r a c t e r  of 

t h e  flaw? t h a t  

very  l i t t l e  thermal asymmetry is necessary  t o  completely des t roy  t h e  

symmetrical behavior  of t h e  flow. 

A comparison of Figure 4 . 4 ~  and F igure  4 . 7 ~  i n d i c a t e s  

The azimuthal temperature v a r i a t i o n  w a s  c h a r a c t e r i z e d  by t h e  

s t anda rd  d e v i a t i o n  of t h e  tempera tures  measured by t h e  

c i r c u m f e r e n t i a l l y  mounted thermocouples. The d i f f e r e n c e  i n  t h e  

s t anda rd  d e v i a t i o n  of t h e  temperatures i n d i c a t e d  by thermocouples 4 t o  

7 between F igures  4 . 4 ~  and 4 . 7 ~  i s  only 0.1 C. (Thermocouple 6 

f a i l e d  t o  ope ra t e ;  t h e r e f o r e  t h e  s t anda rd  d e v i a t i o n  of t h e s e  

tempera ture  measurements has only nu0 degrees  of freedom.) The 

s t anda rd  d e v i a t i o n s  of t h e  temperatures read by thermocouples 8 t o  11 

are t h e  same i n  F igu res  4 . 4 ~  and 4 . 7 ~ .  Even though t h e  magnitude of 

t h e  azimuthal tempera ture  v a r i a t i o n s  is  nea r ly  t h e  same i n  t h e s e  two 

runs (1-52 and 1-55]. t h e r e  are g r e a t  d i f f e r e n c e s  i n  t h e  apparent  

symmetry of t h e  flaw. Since tempera ture  w a s  measured a t  t h e  o u t e r  

w a l l  of a 4 mm t h i c k  Pyrex ampoule, t h e  measured thermal asymmetry w a s  

probably g r e a t e r  than t h a t  f e l t  by t h e  melt. because t h e  ampoule 

0 
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should have dampened out thermal asymmetry by conduction. I n  any 

case, no clear boundary emerged from t h i s  work about t h e  minim= 

thermal asymmetry which w i l l  produce asymmetrical convection, a l though 

it i s  probably small, on t h e  o rde r  of 1 C as measured a t  t h e  o u t e r  
0 

w a l l  of t h e  th i ck -wa l l ed  ampoule. No a t t empt  w a s  made t o  measure t h e  

thermal asymmetry a t  t h e  i n n e r  w a l l  of t h e  ampoule. 

I n  t h e  run p i c t u r e d  i n  F igu re  4.8 a thermal asymmetry of several 

degrees w a s  created.  I n  agreement w i t h  t h e  work of P o t t s  (21, t h e  

m e l t  rose a long  t h e  h o t  p o r t i o n  of t h e  ampoule and descended a long  t h e  

c o o l e r  side.  

Figures 4 . l a  t o  4.16a are p l o t s  of t h e  tempera ture  of t h e  o u t e r  

w a l l  of t h e  sample ampoule versus v e r t i c a l  pos i t i on .  The l o c a t i o n  of 

t h e  me l t / so l id  i n t e r f a c e  was c a l c u l a t e d  from t h e  photographs and i s  

noted i n  t h e s e  f i g u r e s .  From t h e s e  p l o t s ,  t h e  tempera ture  of t h e  

o u t e r  w a l l  of t h e  ampoule a t  t h e  p o i n t  where t h e  i n t e r f a c e  i n t e r s e c t s  

t h e  inner  w a l l  could be read d i r e c t l y .  Were there no tempera ture  

d i f f e r e n c e  a c r o s s  t h e  ampoule, t h e  tempera ture  a t  t h e  o u t e r  w a l l  would 

be equal t o  t h e  mel t ing  p o i n t  of t h e  sample material. As shown i n  

Table 5.1, t h e r e  was o f t e n  a s i g n i f i c a n t  d i f f e r e n c e  bemeen  t h e  o u t e r  

w a l l  temperature a d j a c e n t  t o  t h e  i n t e r f a c e  and t h e  me l t ing  p o i n t  of 

t h e  sample material. The mel t ing  p o i n t  of a f r e s h  sample of phenyl 

s a l i c y l a t e ,  t h e  sample material of F igu res  4.1 t o  4.12, w a s  43.0 t o  

43.5 OC. The me l t ing  p o i n t  of t h e  phenyl s a l i c y l a t e  used i n  t h e  

convective s t u d i e s  which had been i n  t h e  molten state f o r  over a month 

w a s  41.0 t o  43.0 C. Degradation of t h i s  o rgan ic  compound w a s  

t h e r e f o r e  minimal. The me l t ing  p o i n t  of a d i s t i l l e d  sample of 

benzophenone, t h e  sample material of F igu res  4.13 t o  4.16, w a s  49.0 t o  

49.5 OC. 

0 

The me l t ing  p o i n t  of t h e  material used i n  convec t ion  s t u d i e s .  
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0 which had been molten f o r  a few weeks w a s  47.9 t o  49.3 C. Again, 

degrada t ion  w a s  minimal. 

An i n t e r e s t i n g  f e a t u r e  about  the o u t e r  w e l l  temperature  ad jacent  

t o  t h e  i n t e r f a c e  is  t h a t  no w a l l  temperature  was s i g n i f i c a n t l y  less 
- 

than  t h e  observed experimental  mel t ing  poin t ,  bu t  several were a t  

least  1 0  OC l a r g e r .  The l a t t e r  r e s u l t e d  from t h e  t r a n s i e n t  experiments 

used t o  produce a curved in t e r f ace .  F igure  4.6a is f o r  s teady-s ta te  

condi t ions .  y i e l d i n g  an  outer w a l l  t empera ture  13.7 C Over t h e  0 

experimental  mel t ing  po in t  range. S i g n i f i c a n t  dev ia t ions  are noted i n  

F igures  4.5a. 4.7a. and 4.8a as w e l l .  These f i g u r e s  correspond t o  t h e  

d e s t a b i l i z e d  conf igura t ion ,  w i th  convect ion throughout t h e  e n t i r e  

m e 1  t . 

Table 5.1. The o u t e r  w a l l  temperature  ad jacen t  t o  t h e  m e l d s o l i d  
i n t e r f a c e  and the melt ing p o i n t  of t h e  m e l t  sample as measured 
exper imenta l ly  i n  a Mettler c a p i l l a r y  mel t ing  p o i n t  apparatus .  

F igu re  

4 . l a  
4.2a 
4.3a 
4.4a 
4.5a 
4.6a 
4.7a 

4.8a 
4.9a 

4.10a 
4.11a 
4.12a 

4.13a 
4.14a 
4.i5a 

W a l l  Temp. (OC) 

39.4 
38.6 
41.0 
42.0 
45.2 
56.7 
51.7 

45.7 
44.3 

43.8 
41.2 
38.2 

60.0 
58.6 
65 e 0  

Experimental  m.p. (OC> 

43.2 
I1 

11 

II 

II 

I1 

I1 

II 

II 

I1 

II 

43.2 

49.2 
II 

II 

4.16a 5 4.2 49.2 
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These data suggest  t h a t  t h e  tempera ture  d i f f e r e n c e  a c r o s s  t h e  

ampoule i s  o f t e n  l a r g e .  Under cond i t ions  i n  which mixing of t h e  m e l t  

is  s i g n i f i c a n t .  t h e  e f f e c t i v e  B i o t  number on t h e  m e l t  s i d e  of t h e  tube 

i s  increased due t o  t h e  i n c r e a s e d  convec t ive  h e a t  t r a n s f e r  w i t h i n  t h e  

m e l t .  When convective mixing i s  l a r g e .  t h e  r e l a t i v e l y  coo l  f l u i d  from 

t h e  upper r eg ions  of t h e  furnace descends through t h e  c e n t e r  of t h e  

m e l t  and rise8 a long  t h e  w a l l s  of t h e  empoule. Th i s  coo l s  t h e  i n n e r  

w a l l .  and when convective mixing is l a rge .  t h i s  coo l ing  i s  appa ren t ly  

s i g n i f i c a n t .  

Convective mixing i s  l a r g e  under t h e  cond i t ions  of F igu res  4.10 

t o  4.12 bu t  a s i g n i f i c a n t  tempera ture  d i f f e r e n c e  a c r o s s  t h e  ampoule 

nea r  the i n t e r f a c e  is not observed. This can be expla ined  i n  terns of 

t h e  temperature v e r s u s  p o s i t i o n  curves of F igu res  4.10a t o  4.12a. 

These f igu res  show t h a t  a b o o s t e r g e n e r a t e d  tempera ture  m a x i m u m  e x i s t s  

i n  t h e  melt. These f i g u r e s  a l s o  show t h a t  t h e  m e l t / s o l i d  i n t e r f a c e  is  

l o c a t e d  w e l l  beneath t h e  tempera ture  max imum i n  t h e  furnace.  

I n t e r e s t i n g l y ,  t h e  tempera ture  d i f f e r e n c e  becomes p rogres s ive ly  lower 

as t h e  i n t e r f a c e  moves f a r t h e r  from t h e  tempera ture  m a x i m u m  and c l o s e r  

t o  the cooler. I f  t h e  i n t e r f a c e  were a c t u a l l y  i n  t h e  cooler.  one 

would expect t h a t  t h e  i n n e r  w a l l  t empera ture  would exceed t h a t  of 

o u t e r  (4 ) .  I n  f a c t .  t h i s  e f f e c t  is  seen i n  t h e  f i r s t  t h r e e  e n t r i e s  i n '  

t h e  

Tab le  5 .l. 

If  th is  type of appa ra tus  is  used t o  grow c r y s t a l s  from melts 

conta in ing  impur i t i e s ,  c o n s t i t u t i o n a l  supe rcoo l ing  m i g h t  be d i f f i c u l t  

t o  avoid wi thou t  t h e  use of a boos te r  h e a t e r  t o  ma in ta in  a s t e e p  axial 

temperature g r a d i e n t  a t  t h e  i n t e r f a c e .  Th i s  is  an impor tan t  design 

cons ide ra t ion  i f  d i r e c t  l o s s  of h e a t  from t h e  h e a t e r  t o  t h e  coo le r  is 

a problem. For example. i f  one tries t o  i n c r e a s e  t h e  tempera ture  
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g r a d i e n t  a t  t h e  h t e r f a c e  hy :mer ing  t h e  tempera ture  of t h e  cooler ,  a 

s t e e p  axial tempera ture  g rad ien t  w i l l  be d i f f i c u l t  t o  ma in ta in  i f  t h e  

tempera ture  of t h e  h e a t e r  has been correspondingly reduced. I f  a 
. .  

b o o s t e r  h e a t e r  is not used, t h e  h e a t e r  should be w e l l  i n s u l a t e d  from 

t h e  c o o l e r  t o  avoid d i r e c t  heat loss. 

To see i f  a s t eady- s t a t e  p l a n a r  i n t e r f a c e  precluded convec t ion  

nea r  t h e  i n t e r f a c e .  obse rva t ions  were &ne under t r a n s i e n t  cond i t ions  

when t h e  i n t e r f a c e  was h ighly  convex. ’ Presumably when t h e  i n t e r f a c e  

is  very  curved, a l a r g e  r a d i a l  t empera ture  g rad ien t  is  present .  

However. no convective v e l o c i t i e s  aver 0.1 m u d s  were found near  a 

c o w e x  i n t e r f a c e .  The same extremely weak convection as observed i n  

F igu res  4 . l b  and 4.2b ( r u n s  with a s t a b i l i z i n g  t e n p e r a t u r e  g rad ien t  

and p l a n a r  i n t e r f a c e )  was observed. S i g n i f i c a n t  convection was always 

observed nea r  t h e  top  of t h e  melt. This  most l i k e l y  was produced by 

t h e  d e s t a b i l i z i n g  temperature g r a d i e n t  a t  t h e  top of t h e  ampoule. 

When a d e s t a b i l i z i n g  temperature g r a d i e n t  near  t h e  i n t e r f a c e  w a s  

c r e a t e d  w i t h  a b o o s t e r  heater ,  convec t ion  e x i s t e d  near t h e  top  of t h e  

ampoule, but  i n  these  cases t h e  o r i g i n  of t h e  upper convective ce l l  is 

probably a complex f u n c t i o n  of power t o  t h e  boos te r  and coo l ing  from 

t h e  top of t h e  ampoule. 

Benzophenone and s a l o l  were e f f e c t i v e  model m e l t  systems as both  

were s t a b l e  a t  t h e i r  mel t ing  p o i n t  f o r  weeks. The major conclus ions  

p e r t a i n i n g  t o  t h e  Bridgplan-Stockbarger technique  are  s m a r i z e d  

belaw. 

Conclusions: 

A. V e r t i c a l l y  s t a b i l i z e d  thermal conf igu ra t ion .  

1. Convection waa absen t  from t h e  m e l t  w i t h i n  one ampoule 
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diameter of t h e  i n t e r f a c e .  

2. S i g n i f i c a n t  convec t ion  e x i s t e d  i n  t h e  upper p o r t i o n  of 

t h e  m e l t .  This  was produced by t h e  d e s t a b i l i z i n g  

tempera ture  g r a d i e n t  near  t h e  top of t h e  ampoule. 

3. Neg l ig ib l e  convec t ion  w a s  observed i n  t h e  lower p o r t i o n  

of t h e  m e l t  even when t h e  m e l t / s o l i d  i n t e r f a c e  w a s  h igh ly  

comrex. 

4. Many of t h e  long-exposure photographs i n d i c a t e d  t h a t  

extremely w e a k  convec t ion  w a s  p re sen t  a d j a c e n t  t o  t h e  

m e l d s o l i d  i n t e r f a c e  i n  t h e  v e r t i c a l l y  s t a b i l i z e d  

configurat ion.  

B. V e r t i c a l l y  d e s t a b i l i z e d  thermal conf igu ra t ion .  

1. A s h o r t  boos t e r  h e a t e r  i n s e r t e d  between t h e  main h e a t e r  

and coo le r  could gene ra t e  s i g n i f i c a n t  convection throughout 

t h e  e n t i r e  m e l t .  

2. A highly  symmetrical azimuthal tempera ture  p r o f i l e  w a s  

r equ i r ed  t o  produce symmetrical convection. 

3. Convection i n  t h e  m e l t  w a s  n e a r l y  always asymmetrical as 

t h e  r e q u i s i t e  thermal p r o f i l e  f o r  symmetrical convec t ion  

could no t  o f t e n  be produced. 
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Were a d d i t i o n a l  work t o  be done i n  this area. a few modi f i ca t ions  

are i n  order.  I n  a real c r y s t a l  growth system t h e  ampoule must 

t r a n s l a t e  through t h e  furnace.  For t h i s  reason t h e  h e a t e r  can not be 

p h y s i c a l l y  connected t o  t h e  ampoule. bu t  must h e a t  t h e  ampoule by 

r a d i a t i o n  and by convect ion  and by conduction through a f l u i d .  

Secondly, t h e  d e s t a b i l i z i n g  tempera ture  g rad ien t  near t h e  top  of 

t h e  m e l t  was a consequence of furnace design. I n  f u t u r e  work, i t  may 

be d e s i r a b l e  t o  avoid t h i s  by adding an a d d i t i o n a l  b o o s t e r  h e a t e r  near 

t h e  t o p  of t h e  main hea te r .  by us ing  a l o n g e r  heater .  or by us ing  a 

h e a t e r  w i t h  c l o s e r  c o i l s  a s  one moves upward. 

F ina l ly .  i n  o r d e r  t o  accu ra t e ly  c h a r a c t e r i z e  t h e  tempera ture  

p r o f i l e  of t h e  furnace,  i t  is impor tan t  t o  p l ace  t h e  thermocouples 

s u f f i c i e n t l y  c l o s e  together .  F i g u r e  4.4a on page 65 shows t h a t  a 

tempera ture  m a x i m u m  exists above t h e  b o o s t e r  i n  t h e  main heater w e n  

though power t o  t h e  main hea te r  w a s  turned off .  Most l i k e l y ,  had more 

thermocouples been pos i t ioned  nea r  t h e  top  of t h e  booster.  a 

tempera ture  m a x i m u m  would have been found there .  This  would have been 

more c o n s i s t e n t  wi th  t h e  temperature VS. p o s i t i o n  curves i n  F igu res  

4.5a. 4.7a. 4.10a. 4.11a. and 4.12a. 
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Gr 
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Pe 

P r  

R 

R a  

T 

TC 

Th 

U 

V 

X 

Z/ R 

Nomenclature 

2 
Thermal d i f f u s i v i t y .  m /s 

Aspect  r a t i o .  L/D 

C o e f f i c i e n t  of thermal expansion. K - ~  

Bio t  number. hR/k 

Heat capaci ty .  J/Kg. K 

kinemat ic  v i s c o s i t y .  m /s 

G r a v i t a t i o n a l  acce le ra t ion .  m/s 

Grashof number. R gB(Th-Tc)/f 

2 Convective h e a t  t r a n s f e r  c o e f f i c i e n t .  J / m  . K. s 

Thermal conduct ivi ty .  J /m.  K. s 

P e c l e t  number. Pe=LV/a 

P rand t l  number. UC /k = f / a  

Ampoule's i n n e r  radius .  m 

Rayleigh nunber, R gB (Th-Tc) / f a  

Temperature. K 

Cooler temperature. K 

Heater temperature. K 

2 

2 

3 2 

P 

3 

Dynamic v i s c o s i t y .  Kg/m. 6 

Velocity.  m/s 

Mole f r a c t i o n  

Dimensionless axial p o s i t i o n  
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APPENDIX D 
A @JASi-kNAiYTICAL SOLETION TO THE STEADY STATE BRIDGMAN-STOCKBARGER MODEL 

R .  B a l a r t ,  T. S. Papatheodorou and I. G .  Sar idak i s  

'W 1. INTRODUCTION 

Mathematical models f o r  the Bridgman-Stockbarger technique have been 

used f o r  t he  determination o f  the temperature f i e l d s  and the shape and posi- 

t i o n  of the so l id /mel t  in ter face by several invest igators .  For a b r i e f  (and 

by no means exhaustive) review o f  recent progress, we begin by mentioning the 

work of Chang and Wilcox [l], who were apparently t he  f i r s t  t o  use a n a l y t i c a l  

methods t o  study the in f luence o f  various parameters on the in ter face shape 

and pos i t ion.  From a n u h e r  o f  s impl i fy ing assumptions t h a t  they made, the 

ones t h a t  are of i n t e r e s t  t o  us here are that they neglected the tube w a l l  

region. 

thermal conduct iv i t ies .  

s i s ,  t h i s  amounts t o  having only one ( c y l i n d r i c a l )  region. They used the 

ana ly t i c  s o l u t i o n  obtained f o r  t h i s  case by Chang [2]. 

developed numerical techniques t h a t  used values o f  the temperature on the w a l l  

measured experimentally. 

pointed o u t  i n  [l]. 

growth numerical ly using a f i n i t e  di f ference scheme f o r  the same assumptions 

o f  two regions and equal conduct iv i t ies.  Naumann [6] and Jasinski  [7 ]  obtained 

a n a l y t i c a l  so lu t ions f o r  t h e i r  respective one dimensional models, and both g ive 

a comparative study of t h e i r  models i n  [8]. 

For the  remaining two regions ( s o l i d  and melt) ,  they assumed equal 

Mathematically speaking, as i t  fol lows f r o m  our analy- 

E a r l i e r ,  Tien [3] 
L 

Some l i m i t a t i o n s  o f  Tien's computer program are 

Fu and Wilcox [4,5] also invest igated Bridgman-Stockbarger 

I n  t h i s  repo r t  we present a semi-analyt ical method f o r  so l v ing  the steady 

s t a t e  problem f o r  the B r i  dgman-Stockbarger technique , i n  the  absence o f  gravi  t y  , 

f o r  three regions (melt, s o l i d  and glass tube w a l l s )  w i t h  d i f f e r e n t  thermal 

conduct iv i t ies .  Our technique i s  based on an extension t o  three regions of  a 

method suggested t o  us by Ablowitz, Kruskal and Segur [SI. More s p e c i f i c a i i y ,  
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we consider the three regions D,, DS, and DG (cf. Figure 1 )  with thermal con- 

ductivities k l ,  k2, k g  respectively and we determine all  temperature fields 

i n  terms of one sequence of free parameters. 

by iterating between the solution of a (small) symnetric system of linear 

equations and the parameter zo, which i s  the p o i n t  where the interface meets 

the interior wall o f  the ampoule, 

t h a t  only a small nuher of iterations are needed t o  ob ta in  the values of the 

free parameters and the value of zo within about accuracy. The computer 

implementation of our method gives su'fficiently accurate results in the very 

short time of  abou t  20-25 seconds (including execution and o u t p u t  time), even 

though ou r  program is n o t  time and space optimal a t  this stage. 

Next, this sequence i s  determined 

Our computational experiments have shown 

Using the method presented here, we r u n  a number of computer experiments 

T h u s ,  we were able t o  draw some for different values o f  operating parameters. 

preliminary conclusions about  the influence o f  these parameters on the pos i t ion  

and shape of t h e  interface. 

vestigation i s  under way i n  order t o  understand w h i c h  parameters must be 

adjusted (and how they must be adjusted) i n  order to  get a desired interface 

shape and pos i t ion ,  and also t o  determine how sensitive the system is  t o  small 

variations i n  the values o f  these parameters. 

These are reported i n  Section 4. A further i n -  
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2. MATHEMATICAL MODEL FOR THE BRIDGMAN-STOCKBARGER TECHNIQUE AND I T S  SOLUTION 

Using appropriate d e f i n i t i o n s  f o r  the  physical constants involved, the 

d i f f e r e n t i a l  equation for  the temperature f i e l d  i n  a l l  three regions (Figure 

1) i s :  

where x = M, S o r  G (melt, so l i d ,  glass). The condi t ions on the me l t / so l i d  

i n t e r f a c e  are: 

klVTn = k2VTS 

wh i l e  the  condit ions on the i n t e r i o r  r = p o f  the ampoule w a l l  are: 

where (p,zo) i s  the unknown p o i n t  on which the me l t / so l i d  in te r face  T = T f  

meets the  wa l l .  

The boundary condi t ions depend on the  case under consideration. For 

demonstration we use: 

TS = TG = TC f o r  z = 0 . 
For the e x t e r i o r  o f  the w a l l  (p = R) we use the general cond 

TG(RYz) = g(z), 

t i  on 

where g i s  any we l l  behaved ( a t  l e a s t  piecewise continuous) funct ion.  
aT 

Extensions t o  o ther  condit ions, such as h(Twall - T a l  = - k (F )wa l , ’  
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where Ta i s  the  ambient furnace temperature, a r e  a l s o  possible .  

u s ing  cylindrical  symmetry, we a l so  have the condi t ion:  

Moreover, 

- a T X  (0,z) = 0 x = M o r S .  ar 

Upon subtract ing out  Tf and u s i n g ,  fo r  s impl i c i ty ,  

the same symbols, we have exact ly  the same equations and condi t ions,  except 

t h a t  now the melt/solid in t e r f ace  is  represented by the isotherm: 

T M = T S = O .  

T h u s ,  f o r  the new .values we have: 

TH > 0,  TC < 0. 

Now se t  

t h e n  F s a t i s f i e s  the  d i f f e r e n t i a l  equation ( 1 )  and the fo l lowing  conditions i n  

place of (2 ) - (9 )  

- aF = 0 o n r = O  (13) ar 

1 1 F = - T,, on z = R, F = - TC on z = 0 
k2 k l  

k2F = G on r = p ,  z (20 

G = g  on r = R .  

The conditions (4 ) - (5 )  on the melt/solid in t e r f ace  a re  automatically 
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s a t i s f i e d .  

D = D,,, u DS and then, determine the mel t /so l id  in te r face  as the  curve f o r  which, 

by (10): 

Therefore, one needs t o  solve for  F on the rectangular  reg ion 

F = 0. (19) 

The transformed problem can be solved by separation of var iab les.  The 

formulae 

where 

W * F(r,z) = L(z)  + C F n I o ( Y  r ) s i n ( a  n r  z ) ,  
n=l  

W G(r,z) = L(z) + c [AnIo(f  r )  + BnKo(F  r ) ] s i n ( a  nn z) ,  
n=l 

T t 

give the  general s o l u t i o n  t o  the problem, and s a t i s f y  a l l  the condi t ions except 

(151, (161, (171, (18) and (19). 

Conditions (15) and 118) determine a l l  the sequences of coef f ic ients  i n  

(20) i n  terms o f  j u s t  one unknown sequence, Fn. More s p e c i f i c a l l y ,  if we w r i t e  

W 

n.rr g(z)-L(z) = c y n s i n ( T  z )  
n= 1 

and apply (18), we imnediately get  

where q = E R, n L  
Next, app l i ca t i on  of (15) gives 

I 
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.. .- 

where 
- fin P n - - p  

The system of  (23), ( 2 4 )  i s  easily solved: 

of the 2 x 2 coefficient matr ix  above by d n ,  i .e., 

Denoting the negative determinant 

we ob ta in  

1 = -  
dn 

which gives an expression fo r  An and Bn i n  terms of a sequence of the known 

constants yn ,  and a sequence of unknown constants Fn.  

expression (20) we o b t a i n ,  for G,  

Substituting i n t o  the 

Now evaluate G a t  r = p,  and notice t h a t  

t o  get from (27) t h a t  

where 

and 
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u 

Also f o r  i = 1.2, we f ind  from (20) t ha t  

00 z 

kiF(p,z) = kiL(z) + k i  C I o ( p n ) F n s i n ( y  z) . 
n= 1 

Then f o r  z - > zo, condition (17) gives 

. Simi lar ly ,  f o r  z < z , condition (16) gives - 0  
00 n.rr k l -kz  z 1 nv 

[ - s i n ( T  z)] = T,, x - - k~ n= l  C 6 n s i n ( T  z). (34) 
W 

n = l  1 2  

I f  we mult iply (33) by kl  and (34) by k 2 ,  and we rearrange (34) ,  we obtain:  

kl k2 C I F  sin(? z )  = ( k l - k 2 )  5~ TC 2-2 
W 

C [klIO(Pn) - - k3  

1 [klIO(Pn) - - k3  

n n n= 1 
03 nv + 1 6 , s i n ( T  z), z 2 zo 

n=l  
W 

n= 1 
k l  k2 C ]F sin(? z) = ( k 2 - k l ) q x  TH z n n 

OD + 6 s i n ( T z ) ,  n.rr z 2z0. 
n n = l  

In (35)-(36) the unknowns a r e  Fn, n = 1 ,2  ,... , and zo. 

Now consider the function $(z) defined as follows: 

From (16) and (17),  the function $(z) i s  i d e n t i c a l l y  zero.  Here we ge t  f o r  

its 

L 

B u t  

Fourier coe f f i c i en t s  t ha t  

$ ( z ) s i n ( F  z)dz  = 0,  ' m  = l , Z ,  ... 

(35) 

from (29) and (32),  
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where 
kl k2 

En := k,IO(Pn) - 7 cn 
'n 9 3 

kl k2 
k3 

6, := k I ( p )  - -  2 0  n 

Hence, by (38): 

(42) 
n= 1 

where 

E-z m k2'k1 TH r0 z sin(- mTr z)dz 
R - sin(- z)dz + - - b(m) = $-(p'Tc / zO a a k2 

I f  we now define 

(44) mTr 
R z)sin(- z)dz 

equation (42) becomes 

(45 1 R 2 00 2 
2 n=l n '0 - c [B s (m,n)  + (m,n)IF, = a b(m) + 6, 

Noti ci ng t h a t  

so zO (m,n) + S' (m,n) = $(m,n) - Y (46 1 
zO 0 ,  i f  n f m  

equation (45) becomes 

zO a R co 

C kn-B,)S0 (m,n)Fn + B, 7 Fm = b(m) + 6,. n= l  
(47 1 
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Equation (47) represents an i n f i n i t e  system o f  equations w i t h  respect t o  

v the i n f i n i t e  vector V := [F l,...,Fn ,... ] T , i .e. 

(48) MV = w, 

where the  components of the  r i g h t  hand s ide  vector  w are given by 

a w(m) := b(m) + ~ d , , ,  

and the en t r i es  o f  the c o e f f i c i e n t  matr ix  M are 

With the he lp  of (41) and (44) we ca lcu late 

1 1  '"'0 1 1 sin[(m+n)--l> 'rrzO m + n 
R M(n,m;zo) = (kl-k2){- - sin[(m-n)-] - - - 

1~ m-n R 'rr m+n 

(49 1 

. .  

zo 1 1 zO k ~ k ~  'm M(n,m;zo) = (k -k ){-- - - s i n ( 2 m  $1 + k2 - q'm m = n , 
O m  1 2  R n 2 m  

whi le  from (43) and (49) we get 

m 1 TC TH mrr TC T 
w(m> = ",,,+2(kl-k2)t(T - $I-& s i n ( a  zo)  + [i;- (g-zo) + - z ]cos(-- z 

1 2 m r  1 k2 O 
. R O  

(52 )  

We remind t h a t  tim i s  given by (30) i.e. 

where y, and dm are known by (22) and (25).  

Not ice t h a t  M i s  symnetric. Since zo i s  no t  y e t  known, the mat r ix  M i s  

s t i l i  unknown. ;owevef'-, cond i t i on  (191, a t  i- E p ,  i = io, : .e .  

+I 

F(P,Z0) = 0 

has no t  been appl ied yet .  

(54) 
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In order to  solve system (48) w i t h  the constraint (54) we s tar t  w i t h  

an i n i t i a l  guess for zo and i t e r a t e  until (54 )  is  sat isf ied.  

have shown thageven though (48) i s  an infinite system, a truncation a f t e r  a 

small number of terms (e.g. 60 terms) does not significantly a f fec t  the re- 

sul ts. 

Our calculations 

3. SOME IMMEDIATE APPLICATIONS 

a )  Previous results follow as a special case of the above. If  we follow 

the usual assumptions ([l], . . . ,[5]) o f  equal thermal conductivities, 

then k l  = k 2  := k. 

i n  system (48) i s  diagonal. 

Even i f  we don't drop the glass dorgain DG, the mat r ix  

I n  th i s  case the equations are simplified t o  

, m = 1,2,3 ,... - R Ym 
k ( l  - qIo(p,J m mp mdm ) F  - - -  k 'm 

(55)  

where ym, dm and Cm are given by ( 2 2 ) ,  (25) and (31) respectively. 

(55) one can read the unknown coefficients immediately, hence obtaining 

a complete analytical solution. 

The case o f  the Rayleigh-Benard problem, where the temperature a t  the 

wall has a l inear variation was investigated i n  [lo]. 

form can be solved as a special case of the preceeding analysis: 

g i s  linear i n  z, w i t h  g (a )  = TH and g(0) = TC, we get g(z )  = L (z ) .  

From 

b )  

I t ' s  steady s t a t e  

Since 

Hence 

by (22 )  

ym = 0,  m = 1,2,3 ,... (56) 

i .e., one uses the special case of (52) w i t h  6, = 0. 

An even more special solution arises when both a )  and b )  are considered c )  

simultaneously. 

(20) and (21)  

Then from (55) and (56) we obtain Fn = 0,  hence, from 

1 H z C R-Z 
2 1 

I 
F(r,z) = 'it + r-- R 

which is  a t r i v i a l  solution, indepdent of r.  
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4. COMPUTATIONAL RESULTS 

We now repor t  on prel iminary computational resu l t s  f o r  Bridgman-Stockbarger 

model under the fo l lowing condi t ions.  A pyre x ampoule of f i n i t e  length 

a ( = 40 cm. i n  our case) containing l i q u i d  naphthalene ( c f .  Figure 1) i s  

placed i n  a l i q u i d  bath i n  such a way that  the temperature on the base and 

on the ou te r  ampoule wa l l  r = R f r o m  z=O t o  z=a i s  kept a t  a constant value of 

TC. 
s u l a t o r  region), the temperature assumes a l i n e a r  va r ia t i on ,  and along the top 

Along the outer wa l l  o f  the ampoule from t=a t o  z = a +  hcr (i.e., the i n -  

o f  the ampoule and the outer  ampoule w a l l  from z = a + h  t o  z = g ,  the tempera- 

t u r e  i s  kept a t  a constant value o f  THe 

and the glass wa l l  t o  e x i s t  we need, Aa > 0 and R-p > 0 (R-p = . l ) .  

For  the . insu lator  

The 

mel t ing temperature for  naphthalene i s  taken t o  be 80.2"~.  

I n  t h i s  s i t ua t i on ,  the funct ion g o f  (8) ,  representing the temperature - d i s t r i b u t i o n  a t  the outer ampoule wa l l  takes the form 

f TC 

then, by the  use o f  (22 ) ,  we calcu late 

R 
yn = a I g ( t ) - L ( z ) } s i n ( y  z)dz 

From t h i s  and ( 2 5 ) ,  (30), we f i n d  t h e  parameters 6,,, n = 2,2, ... . 
A s e t  o f  d i f f e r e n t  sample values f o r  t he  user defined parameters TH, TC, 

ine respec- 

The r e s u l t s  f o r  each problem are given 

VI Tmelt, kl, k2, k3, a, h, was chosen fo r  these pre l iminary tests .  

t i v e  problems are given i n  Tables 1-2. 

i n  Figures 2 t o  11. 
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From these results we can make the following preliminary conclusions, 

some of which are expected, and some need further exploration. 

a l l  user defined parameters are held constant except the ones expl ic i t ly  

m e n t i  oned. 

( I )  

In the following, 

For several values of AT = T,, - TC,  a l l  three interface shapes are observed 

(cf.  Figure 8 t o  Figure 12) .  

(11) There exist  combinations of temperatures T,,, TC for  which the interface dis- 

plays a d i p  near the glass wall. 

(cf.  Figure 7, Figure 8).  

T h i s  phenomenon needs further investigation 

(1II)Increasing the ra t io  k l / k 2  makes the interface more planar. 

(IV) Decreasing k3  makes the interface more planar. 

( V )  Increasing the thickness of the insulator makes the interface more planar. 

(VI) The point zo (on  the in te r ior  ampoule wall where T = Tmelt) i s  different ,  

i n  general, from the point on the outer ampoule wall where T = Tmelt. 

In closing, we point out t h a t  even though our program has not yet  been 

optimized, the technique presented here i s  shown t o  be very effective,  as i t s  

computer implementation displays the following advantages: 

1 .  Fast results (220 seconds execution and output time, IBM 4341). 

2. We can obtain zo w i t h i n  

matrix)with a maximum of 5 i terat ions,  even though we s t a r t  w i t h  the 

poor in i t ia l  guess of  zo = 0. 

accuracy (and therefore the correct coefficient 
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FIGURE # k2 
watt/cm. K 

kg 
watt/cm. K 

TC 
(OC 1 

32 
32 
32 
32 
32 
32 

32 
32 
32 
32 

32 

32 
32 
32 
32 

32 
32 
32 
32 
32 
32 

kl 
watt/cm. K 

1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 

1.4E-3 
2 .OE-3 
3.2E-3 
4.4E-3 
5.6E-3 

1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 

1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 

1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 

PROBLEM # 

.- 
TH 
(OC 1 

90 
90 
90 
90 
90 
90 

a 

(cm) 

19.75 
19.75 
19.75 
19.75 
19.75 
19.75 

6.5E-4 
1 .OE-3 
1.3E-3 
2 .OE-3 
2.6E-3 
2.8E-3 

1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 

2 1 

19.75 
19.75 
19.75' 
19.75 
19.75 

2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 

1.2E-2 * 

1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 

1.2E-1 
1.2E-2 
1.2E-3 
1 .2E~4  

90 
90 
90 
90 
90 

90 
90 
90 
90 

90 
90 
90 
90 
90 
90 

3 2 

4 

2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 

19.75 
19.75 
19.75 
19.75 

0 
8 

16 
24 
32 
39.5 

3 

'b 

4 

2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 

1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 

90 
90 
90 
90 

~~ 

32 
32 
32 
32 

~~~ 

19 
19.5 
19.764 
19.9 

2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 

1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 

6 5 

TABLE 1 -- 
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k3 
watt/cm.K 

1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 

FIGURE # 

7 

~~ 

1.2E-2 
1.2E-2 
1.2E-2 8 

kl  
watt/cm.K 

PROBLEM # TH 
(oc) - 
90 
95 
I10 
I25 
I75 

90 
95 

I10 
I25 
I75 

90 
95 
110 
125 
175 

90 
95 
110 
125 
175 

90 
95 
110 
125 
175 

- 

- 

- 

- 

- 

k2 
watt/cm. K 

2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 

2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 

2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 

2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 

2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 
2.8E-3 

hu 

(4 
.5 
.5 
.5 
.5 
.5 

~~~ ~~ 

1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 

19.75 
19.75 
19.75 
19.75 
19.75 

19.75 
19.75 
19.75 
19.75 
19.75 

19.75 
19.75 
19.75 
19.75 
19.75 

6.1 

.5 

.5 

.5 

.5 

.5 

1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 

6.2 32 
32 
32 

1.2E-2 
1.2E-2 

~~ 

1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 

.5 

.5 

.5 

.5 

.5 

1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 

50 
50 
50 
50 
50 

9 6.3 

~~ ~ ~ 

1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 

~~ 

19.75 
19.75 
19.75 
19.75 
19.75 

65 
65 
65 
65 . 
65 

1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 

1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 
1.3E-3 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

10 6.4 

1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 
1.2E-2 

75 
75 
75 
75 
75 

19.75 
19.75 
19.75 
19.75 
19.75 

1 1  6.5 

TABLE 2 
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BEHAVIOR OF A NON-WETTING MELT IN FREE FALL: EXPERIMENTAL 

RADHA SEN* and WILLIAM R .  WILCOX 
Department of Chemical Engineering 
Clarkson Un ive r s i ty ,  Potsdam, NY 13676, USA 

ABSTRACT 

A l i q u i d  metal i n  a non-wetted ampoule formed e i t h e r  columns separated by 

gas  spaces o r  gas  bubbles on t h e  wall. Separated columns were favored by 

small  amounts of t h e  l i q u i d  while  only bubbles were found when t h e  l i q u i d  

almost f i l l e d  t h e  ampoule. I n  ampoules w i t h  a t r i a n g u l a r  c ros s - sec t ion  t h e  

l i q u i d  pu l l ed  away from t h e  corners .  This  allowed t h e  l i q u i d  t o  move r e a d i l y  

in  t h e  presence of r e s i d u a l  a c c e l e r a t i o n s ,  because t h e  a i r  i n  t h e  ampoule 

could e a s i l y  move in t h e  oppos i t e  d i r e c t i o n  t o  t h e  l i q u i d .  

When water w e t  w e l l  an ampoule's wa l l s ,  a i r  bubbles  remained suspended 

and d id  no t  con tac t  t h e  walls.  I f  t h e  a i r  i s  taken t o  r e p r e s e n t  a non-wetting 

f l u i d ,  then i t  seems p o s s i b l e  f o r  a t l u i d  t o  avoid completely con tac t  w i t h  t h e  

ampoule wal l .  



1. Introduction_ 

When metals and 6emiCOnduCtOr6 were d i r e c t i o n a l l y  s o l i d i f i e d  i n  space,  

t h e  r e s u l t i n g  i ngo t s  were o f t e n  somewhat smaller i n  diameter  than t h e  ampoule, 

u s u a l l y  w i t h  a wavy or i r r e g u l a r  s u r f a c e  [l-151. These r e s u l t s  were g e n e r a l l y  

explained i n  a vague way by a t t r i b u t i n g  them t o  t h e  m e l t  n o t  we t t ing  t h e  

ampoule wall .  Probably t h e  melt was v i s u a l i z e d  a s  p u l l i n g  away from t h e  

c r u c i b l e  wal l ,  wi th  t h e  s o l i d i f i c a t i o n  fol lowing t h e  melt s u r f a c e .  

D i rec t iona l  s o l i d i f i c a t i o n  i n  an ampoule i n  space has always been c a r r i e d  

o u t  i n  opaque furnaces .  Thus no one has a c t u a l l y  observed t h e  m e l t  behavior 

or t h e  s o l i d i f i c a t i o n .  I n  t h e  r e s e a r c h  r epor t ed  h e r e  we took t h e  f i r s t  s t e p  

by observing l i q u i d  behavior i n  a poorly wetted ampoule. I n  a subsequent paper 

we w i l l  g ive  t h e o r e t i c a l  p r e d i c t i o n s ,  which a r e  i n  agreement w i t h  t h e  

experimental  results presented here .  

2. Experimental Methods 

The experiments were performed i n  a KC135 a i r c r a f t  f l y i n g  out  of 

E l l i n g t o n  Field near  NASA’s Johnson Space Center o u t s i d e  of Houston. The 

KC135 i s  a modified Boeing 707 t h a t  does c o n t r o l l e d  p a r a b o l i c  d ives  t o  g i v e  

approximately 20 seconds of f r e e  f a l l .  

pa rabo la s  are performed. The p resen t  experiments r equ i r ed  t h r e e  such 

f l i g h t s .  

I n  a s u c c e s s f u l  f l i g h t ,  50 f r e e - f a l l  

The ampoule  p repa ra t ion  i s  descr ibed i n  d e t a i l  elsewhere 1161. Three 

types of ampoules  were employed; c y l i n d r i c a l ,  c y l i n d r i c a l  w i t h  c a p i l l a r y  tubes  

along t h e  wal l ,  and t r i a n g u l a r .  For t h e  c y l i n d r i c a l  ampoules w e  used 

t r a n s p a r e n t  polycarbonate tubes 1.9 c m  i n  diameter and about 14 cm long. 

Eight g l a s s  c a p i l l a r y  tubes  were epoxied around t h e  wal l  of some of t h e s e .  

The c a p i l l a r i e s  were 2 mrn o u t s i d e  diameter and about 1 crn s h o r t e r  than t h e  



ampoules. 

7.6 cm g l a s s  s l i d e s  toge the r  with epoxy along t h e i r  edges. 

The t r i a n g u l a r  ampoules were f a b r i c a t e d  by cementing t h r e e  1 . 2  x 

Most of t h e  experiments were performed wi th  mercury a s  t h e  l i q u i d .  

Mercury's contact  angle  on g l a s s  wa6 about 120' and on polycarbonate 130. 

Both t h e  polycarbonate and t h e  t r i a n g u l a r  g l a s s  ampoules were f i l l e d  30 t o  95% 

wi th  mercury and t h e  open end8 sealed w i t h  s i l v e r .  

s imu la t e  t h e  so l id - l iqu id  i n t e r f a c e ,  which i s  g e n e r a l l y  thought t o  be wet we l l  

by t h e  corresponding melts.  

S i l v e r  was chosen t o  

Some experiments were a l s o  ca r r i ed  out  w i th  d i s t i l l e d  water i n  

polycarbonate  ampoules sea l ed  wi th  Corning machineable ceramic p lugs ,  which 

are w e t  w e l l  by water.  

t h e  polycarbonate tubes t o  varying e x t e n t s  and sometimes almost e n t i r e l y  

leaked ou t .  

During s torage p r i o r  t o  f l i g h t ,  t he  water began t o  wet 

The con tac t  angle  ranged from near  0 t o  about 90 degrees .  

To avoid leakage of l i q u i d s  in to  t h e  a i r c r a f t  i n t e r i o r ,  each ampoule was 

thoroughly sealed i n  l a r g e r  polycarbonate tubes.  

The l i q u i d  behavior was recorded by a t t a c h i n g  an ampoule i n  i t s  

polycarbonate  tube t o  a video camera. 

and r e l e a s e d  (except tor t h e  cab le  connecting t h e  camera t o  i t s  v ideo tape  

r e c o r d e r ) .  

t h e s e  video recordings.  

This  assembly was p e r i o d i c a l l y  shaken 

The photographs shown here were taken from t e l e v i s i o n  d i s p l a y s  of 

3. R e s u l t s  

Equilibrium was reached within a few seconds of r e l e a s i n g  t h e  appa ra tus  

during a low g parabola.  

con f igu ra t ions .  

6 .  #erCiii-. ii, e--?ir;diica? a-,-ou?$ 

We repor t  f i r s t  on equ i l ib r ium f l u i d  

Two c l a s s e s  of equ i l ib r ium shapes were observed. I n  one c l a s s ,  two or 

more columns of mercury were separated by a i r ,  a s  shown in F igu re  1. 



The second c l a s s  of c o n f i g u r a t i o n s  c o n s i s t e d  of an a i r  bubble a t  t h e  

ampoule wal l ,  as shown i n  Figure 2 .  A l t e r n a t e l y  t h i s  can be regarded a s  a 

l i q u i d  bridge connecting two columns of mercury. 

t o  t h i s  as the bubblefbr idge Configurat ion.  This  conf igu ra t ion  became more 

common as the amount of mercury was increased.  The separated column 

conf igu ra t ion  predominated when the  ampoule wa6 about 70% or l e s s  f i l l e d  wi th  

mercury. Bubblelbridges were not seen i n  ampoules 30% f u l l  or less .  

Consequently we w i l l  r e f e r  

3 I n  g l a s s  ampoules, trapped a i r  l a r g e r  than about 1.2  cm in  volume tended 

t o  form t h e  separated column conf igu ra t ion ,  while  i n  polycarbonate  ampoules 

bubblefbridges were uns t ab le  above about 0.9 cm 
3 i n  volume. 

The wetted s i l v e r  end plugs seemed t o  have no in f luence  on t h e  l i q u i d  

behavior ,  except t h a t  some mercury always remained i n  con tac t  w i th  i t ,  o f t e n  a 

small  drop. 

b. Mercury in  ampoules containinn c a p i l l a r i e s  

Unfortunately t h e  l i q u i d  could no t  be seen c l e a r l y  i n  t h e  v ideo tapes  of 

t h e s e  ampoules. It  had been hoped t h a t  t h e  c a p i l l a r i e s  would cause t h e  

mercury t o  p u l l  away e n t i r e l y  from t h e  ampoule walls and con tac t  only t h e  

c a p i l l a r i e s .  This  appeared t o  happen r a r e l y  and then only over s h o r t  

d i s t a n c e s .  As with the  p l a i n  c y l i n d r i c a l  ampoules, bubble/br idge and 

sepa ra t ed  column conf igu ra t ions  were t y p i c a l .  The separated columns seemed t o  

form much more r e a d i l y  than without c a p i l l a r y  tubes and no l a r g e  bubbles  were 

observed. It i s  hypothesized t h a t  t h e  mercury pu l l ed  away a t  t he  i n t e r s e c t i o n  

of t h e  ampoule and c a p i l l a r y  wa l l s  as shown in  F igu re  3 ,  but  we could no t  s e e  

w e l l  enough t o  v e r i f y  such behavior.  

c .  Mercury in  t r i a n g u l a r  ampoules 

As shown i n  Figures  4 and 5 ,  t h e  mercury pu l l ed  away from t h e  g l a s s  wal l s  

along t h e  edges and contacted i t  along t h e  c e n t e r s ,  over  about h a l f  t h e  width 



of each s ide .  Occasionally t h e  mercury column would remain i n  con tac t  w i th  

t h e  s i l v e r  end plug,  as  in  Figure 5 .  

d. T rans i en t  behavior of mercury 

L. 

There were t h r e e  sources of changing a c c e l e r a t i o n s  g iv ing  r i s e  t o  

t r a n s i e n t  behavior:  going i n t o  f ree  f a l l ,  shaking of t h e  appa ra tus ,  and 

r e s i d u a l  a c c e l e r a t i o n s  while t h e  apparatus  was f l o a t i n g .  

I n  s e v e r a l  experiments t h e  ampoule was held h o r i z o n t a l  p r i o r  t o  going 

i n t o  f r e e  f a l l ,  so t h a t  t h e  f l a t  f r e e  s u r f a c e  of t h e  mercury ran along t h e  

l e n g t h  of t h e  ampoule. When the  a i r c r a f t  went i n t o  i t s  low g parabola  t h e  

s u r f a c e  became wavy and unstable .  The i n s t a b i l i t i e s  grew u n t i l  t h e  mercury 

f i l l e d  t h e  c r o s s  s e c t i o n  i n  some places ,  connected by bubblelbr idges.  I n  a 

few seconds t h e  l a r g e r  bubblelbridges broke t o  form a separated column 

conf igu ra t ion .  

P e r i o d i c a l l y  t h e  ampoules were shaken t o  t r y  t o  produce a v a r i e t y  of 

W conf igu ra t ions .  

moved f a i r l y  r e a d i l y ,  w i th  t h e  mercury moving in  t h e  oppos i t e  d i r e c t i o n .  

However t h e  separated-columns were r e l a t i v e l y  s t a b l e  because t h e  mercury and 

a i r  could move pas t  one another only i f  t h e  shaking was vigorous enough t o  

break up t h e  l i q u i d .  From a separated-column conf igu ra t ion  o f t e n  w e  could 

form by g e n t l e  shaking a bubblelbridge no t  touching t h e  wal l s ,  i .e.  a c e n t r a l  

neck. However t h i s  conf igu ra t ion  was u n s t a b l e  and broke t o  reform s e p a r a t e  

columns i n  a few seconds. 

I n  t h e  c y l i n d r i c a l  ampoules the  a i r  i n  t h e  bubb le lb r idges  

Even g e n t l e  shaking of t h e  cap i l l a ry - l ined  ampoules and t h e  t r i a n g u l a r  

ampoules produced ready movement of t h e  mercury, presumably because r e t u r n  

p a t h s  were a v a i l a b l e  f o r  t h e  a i r .  In  t h e  c a p i l l a r y - l i n e d  ampoules t h e  a i r  

could iii~ve e i t h e r  u~ the i ~ t e r i n r  nf the unsealed c a p i l l a r y  tubes  o r  along t h e  

a i r  columns hypothesized in  F igu re  3. I n  t h e  t r i a n g u l a r  ampoules t h e  a i r  

could move along t h e  edges. A f t e r  shaking a t r i a n g u l a r  ampoule, t h e  mercury 



o f t e n  was forced t o  one end of t h e  ampoule so t h a t  i t  contacted t h e  edges. 

The mercury i n s t a n t l y  moved away from t h e  edges when t h e  ampoule wag 

r e l e a s e d .  

Smaller man i fe s t a t ions  of t h e  ease of movement occurred wi th  a f l o a t i n g  

The conf igu ra t ions  were s t a b l e  i n  t h e  c y l i n d r i c a l  ampoules a f t e r  a ampoule. 

second or two. The mercury continued t o  move somewhat i n  t h e  c a p i l l a r y - l i n e d  

and t r i a n g u l a r  ampoules, r e f l e c t i n g  t h e  sma l l  r e s i d u a l  a c c e l e r a t i o n s .  

e .  In f luence  of a temperature g r a d i e n t  

Nichrome heat ing wire was wound on t h e  end of an ampoule. 

l abo ra to ry  t h i s  produced a temperature g r a d i e n t  of 3 t o  4 Kfcm i n  t h e  mercury 

when t h e  ampoule was held v e r t i c a l l y  wi th  t h e  h e a t e r  on top  and w i t h  t h e  

ampoule completely f i l l e d  wi th  mercury. I n  t h e  KC135 experiment t h i s  ampoule 

was about half f u l l  of mercury. The only d i f f e r e n c e  i n  behavior from unheated 

ampoules was t h a t  t he  bubblefbr idge was never  observed. 

I n  t h e  

Because s u r f a c e  t ens ions  and con tac t  ang le s  a r e  temperature dependent , we 

had expected t h e  mercury t o  move t o  one end of t h e  heated ampoule, probably 

t h e  heated end. However i n  t h e  separated-column conf igu ra t ion  i n  a 

c y l i n d r i c a l  ampoule t h e r e  i s  no pa th  f o r  t h e  r e t u r n  flow of t h e  a i r .  I t  would 

be i n t e r e s t i n g  t o  r e p e a t  t h i s  experiment w i th  a hard vacuum i n  a c y l i n d r i c a l  

ampoule and i n  a t r i a n g u l a r  ampoule. 

f .  Behavior oi water 

As noted ear l ie r ,  t h e  con tac t  angle  f o r  water became small  du r ing  

s to rage .  Without g r a v i t y ,  gases  and l i q u i d s  are equivalent  from t h e  viewpoint 

of equi l ibr ium f l u i d  behavior.  

f l u i d  i n  these experiments,  w i t h  a l a r g e  c o n t a c t  angle .  

Thus we  may regard t h e  a i r  as t h e  non-wetting 

Small a i r  bubbles tended t o  remain suspended and n o t  con tac t  t h e  walls or 

I n  c o n t r a s t ,  when mercury drops formed during coa le sce ,  as shown in  F igu re  6 .  

vigorous shaking, they soon recombined w i t h  t h e  bulk mercury. There a r e  



s e v e r a l  reasons t h e  a i r  bubbles remained suspended in  water so much b e t t e r  

than i n  t h e  mercury. The contact  angle of t h e  a i r  was much l a r g e r .  The 

d i f f e r e n c e  i n  dens i ty  between the  f l u i d s  was l a r g e r  with mercury, so i t  moved 

more i n  response t o  r e s i d u a l  acce le ra t ions .  And t h e  air-water  i n t e r f a c e  was 

more l i k e l y  t o  have been coated w i t h  a s u r f a c t a n t  which would have r e t a rded  

I coalescence.  

~ 

Larger  a i r  bubbles as i n  Figure 6 o f t e n  were separated from con tac t  with 

t h e  ampoule w a l l s  only immediately a f t e r  shaking. 

away s o  tha t  t h e  bubble contacted the wa l l  i n  a few seconds. When t h e  amount 

of water  was very small ,  i t  usua l ly  formed r i p p l e s  and waves and f i n a l l y  

s e p a r a t e  drops.  

t h a t  t h e  water d i d  not  d r a i n  and the a i r  remained out of con tac t  w i th  t h e  

w a l l ,  as i n  F igu re  7 .  However s ince  t h e  f r e e - f a l l  time between shaking was 

on ly  a few seconds,  it is not  known i f  t h i s  behavior would have p e r s i s t e d  

Usually t h e  water drained 

I f  t h e  con tac t  angle of t h e  a i r  was very high it  appeared 

W i n d e f i n i t e l y .  

4. Discussion and Conclusions 

The i n i t i a l  motivat ion f o r  t h i s  r e s e a r c h  was t o  help explain why 

d i r e c t i o n a l  s o l i d i f i c a t i o n  i n  space has o f t e n  produced ingo t s  sma l l e r  in  

diameter  than t h e i r  con ta in ing  ampoules. 

polycarbonate  ampoules d id  no t  p u l l  away from t h e  ampoule wa l l s .  

p r e s e n t  i n  t h e  ampoule t h e  mercury d i d  not  move under t h e  in f luence  of a 

temperature  g r a d i e n t .  

con tac t  angle .  Thus i t  is  p o s s i b l e ,  a l though u n l i k e l y ,  t h a t  t h e  con tac t  angle  

f o r  semiconductor melts i s  so high tha t  they do p u l l  away from t h e  ampoule 

We found t h a t  mercury i n  

With a gas  

One would expect t h e  l i q u i d  behavior t o  depend on i t s  

.*.all I:: the neighborhood of the f r e e z i n g  i E t P l f P C P i  Unfortunetelg nc) r_cn*_act 

d a t a  a r e  a v a i l a b l e  f o r  t h e  melts so l id i f ed  in space,  a l though  some d a t a  a r e  

a v a i l a b l e  f o r  s imilar  systems. For example, ga l l i um con ta in ing  3.16% As 



I 
formed a contact angle  of 140 t o  153 degrees  on g r a p h i t e  a t  1125K [ 1 7 J .  A 

v a r i e t y  of l iqu id  me ta l s  had contact  angles  ranging from 114 t o  134 degrees  on 

g r a p h i t e  [181. 

func t ion  of temperature ,  ranging from 66 t o  120 degrees  [191.  

The con tac t  angle of aluminum on ceramics was a s t rong  

Another p o s s i b i l i t y  is t h a t  t h e  r e s i d u a l  a c c e l e r a t i o n s  i n  a s p a c e c r a f t  

play a r o l e  i n  determining t h e  su r faces  of t h e  i n g o t s .  

c r y s t a l  growth experiment, f o r  example, t h e  f l u c t u a t i n g  a c c e l e r a t i o n  l e v e l  was 

on t h e  order of m i l l i g e e s  (0.001 e a r t h  g r a v i t y ) ,  w i t h  occas iona l  0 . l g  s p i k e s .  

I f  an acce le ra t ion  causes t h e  m e l t  t o  momentarily p u l l  away from t h e  c r u c i b l e  

wa l l  it w i l l  r e c e i v e  less heat from t h e  h e a t e r  and tend t o  f r e e z e  in  t h i s  

p o s i t i o n .  Since such movement i s  hindered by a g a s  i n  t h e  ampoule, one would 

expect surface v a r i a t i o n s  t o  be more pronounced when t h e r e  is  a hard vacuum i n  

t h e  prepared ampoule. 

I n  one Spacelab 3 

Our experiments on t r i a n g u l a r  ampoules showed t h a t  con tac t  w i th  t h e  

ampoule w a l l  is reduced. I n  a subsequent paper we show t h a t  t h e  con tac t  w i t h  

t h e  wa l l  decreases as t h e  contact  angle  i n c r e a s e s ,  becoming a l i n e  beyond a 

c r i t i c a l  value. 
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Figure 1. Three columns of mercury separated by a i r  in  a cy l indr ica l  
polycarbonate ampoule. 

Figure 2 .  Large a i r  bubble on wal l  in mercury-filled ampoule. 



'. 

Figure 3 .  Bypothesized behavior of mercury column in  ampoule B containing 
internal c a p i l l a r i e s  A. C represents a i r  columns. 

Figure 4. Corner-on view of small column of mercury in  a triangular ampoule. 
The two dark e l l i p s e s  are the  portions in  contact with the ampoule --- 1 1 - 
U U I I D .  



Figure 5 .  Face-on view of long column of mercury i n  
The long shiny p o r t i o n  i s  that in  contact with t h e  ampoule wa l l .  

tr ian ular ampoule. 



c ' 8  

Figure 6 .  A i r  bubbles i n  water. 

Figure 7. Large a i r  bubble surrounded by wavy f i l m  of Water= 
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ABSTRACT 

In a previous paper the experimental equilibrium configurations of a 

non-wetting liquid in an ampoule were described. Theoretical analyses of 

these configurations are described here. In a cylindrical ampoule a 

bubble/bridge configuration is predicted to be stable only up to a critical 

volume of gas, beyond which separated columns of liquid form. This critical 

bubble volume decreases as the contact angle of the liquid on the ampoule 

increases. In a triangular ampoule the liquid contacts the ampoule along the 

center of the faces and not in the corners. As the contact angle increases 

beyond 90 , the contact width decreases. 0 

_ _  c 

*Present address: University of Minnesota, Minneapolis. 



1. Introduct ion 

I n  a companion paper [ l ] ,  we repor ted  on experiments performed dur ing  

parabol ic  f l i g h t s  of NASA's KC135 a i r c r a f t .  C y l i n d r i c a l  and t r i a n g u l a r  

ampoules were p a r t i a l l y  f i l l e d  wi th  a non-wetting l i q u i d .  I n  c y l i n d r i c a l  

ampoules the l i q u i d  formed columns, e i t h e r  completely Separated by gas  o r  

connected by a l i q u i d  br idge along one wal l .  Since a br idge  can be regarded 

a s  a gas  bubble on the  opposi te  wall  of t he  ampoule, t h i s  is known a s  the  

bubblelbr idge conf igura t ion .  The two Configurat ions i n  c y l i n d r i c a l  ampoules 

a r e  shown schematically i n  Figure 1. 

In  ampoules with a t r i a n g u l a r  cross-sect ion,  t he  l i q u i d  pul led  away from 

the  corners  ( t h e  v e r t i c e s ) ,  and contacted the  ampoule w a l l s  only along t h e i r  

c e n t e r s  . 
I n  the present  paper we es t imate  the t o t a l  energy of each of the t h r e e  

conf igura t ions  descr ibed above. From these  we show t h a t  the bubble jbr idge  

conf igura t ion  becomes uns tab le  with r e s p e c t  t o  the  separated-column 

conf igura t ion  above a c r i t i c a l  bubble s i z e  which depends on the  contac t  angle 

of the melt  on the ampoule wal l .  S i m i l a r l y  the  contac t  width f o r  minimum 

energy i n  t h e  t r i a n g u l a r  ampoules i s  shown t o  be a func t ion  of c o n t a c t  angle .  

The symbols i n  the following developments a r e  def ined i n  the t a b l e  of 

nomenclature a t  the end of t h i s  paper. 

2.  Cvl indr ica l  Ampoules 

Temperature, t o t a l  volume ins ide  the ampoule, and the volume of t he  

l i q u i d  a r e  assumed t o  be constant .  The l i q u i d  forms only two columns, e i t h e r  

completely separated by gas  o r  connected by a bubble jbr idge ,  and not i n  

contac t  with the ends of t he  ampoule. A l l  l iquid-gas  sur faces  a r e  assumed t o  

be hemispherical  with constant  rad ius  of curva ture  and known contac t  angle a t  

the s o l i d / l i q u i d / a i r  i n t e r f a c e .  



The total interfacial free energy inside the ampoule is: 

and A s a  are the surface areas between liquid (11, air ( a )  and 
1s' Ala where A 

and y are the corresponding surface energies. solid ( S I .  Here y l s w  yla 

Thus for each configuration the problem is to estimate these surface areas 

sa 

under the given constraints. 

For the separated-columns configuration Equation ( 1 )  becomes [2]: 

where a is the ampoule radius, A is the surface area of each of the four 

hemispherical end caps on the two columns of liquid, L is  the length of the 
cap 

L 

ampoule, Lcol is the total length of the liquid colummns along the axis, and 

Lair 

wall. Equation (2) is  non-dimensionalized by dividing areas by a , surface 

energies by y 

i s  the total length of the air columns in the ampoule measured along the 

2 

2 
and the total surface energy by a yla, to obtain: la' 

In a similar fashion the total dimensionless surface energy for the 

bubblelbridge configuration may be shown to be 1 2 1 :  



2 / a  + Z A  / a2 ]  
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where R i s  t he  r a d i u s  of curvature  of t he  bubble ( s e e  F igure  21, LC+B i s  t he  

sum of the l e n g t h s  of l i q u i d  columns B and C ( s e e  F igure  l ) ,  ( A l a l b u b b l e  i s  

the l i q u i d / a i r  area of the bubble and ( A s a l b u b b l e  i s  the s o l i d / a i r  sur face  

a rea  of the bubble.  Numerical i n t e g r a t i o n  a s  shown i n  F igure  2 i s  used t o  

and ( bub b 1 e ob t a i n  ( Ala 1 e 

Numerical c a l c u l a t i o n s  were performed corresponding roughly t o  the 

2 
experiments [ l l ,  wi th  an ampoule r a d i u s  a of 0.98 um and y = 7 8  erg/cm 

( f o r  s i l i c a  [31) f o r  several  d i f f e r e n t  c o n t a c t  ang le s ,  ampoule l e n g t h s ,  

l i q u i d - a i r  sur face  energies ,  and volumes of l i q u i d .  I n  each case the value of 

sa 

was ca lcu la ted  by the r e l a t i o n  between contac t  angle  8 and sur face  5 s  

- - cose. As shown in Fig. 3 the t o t a l  sur face  energy of 71 s ‘se-’la e n e r g i e s ,  

t he  separated-column conf igura t ion  i s  independent of t he  length  of g a s  

s e p a r a t i n g  the columns (provided the l i q u i d  does not contac t  the ends of the 

ampoule). On the o the r  hand, the t o t a l  sur face  energy of t he  bubble/br idge 

conf igura t ion  increases  a s  the s i z e  of the bubble increases .  Since 

equi l ibr ium corresponds t o  the lowest t o t a l  energy of t h e  system, we expect  

the bubble/br idge conf igura t ion  t o  be s t a b l e  below t h e  gas  bubble volume where 

the  energy curves f o r  the two conf igura t ions  c r o s s  over. 

Figure 4 shows t h a t  the c r i t i c a l  c rossover  bubble volume i s  a s t rong  

f u n c t i o n  of contac t  angle,  b u t  i s  almost independent of the t o t a l  amount of 

l i q u i d  i n  the ampoule. The c r i t i c a l  bubble volume i s  p l o t t e d  vs.  contac t  

angle  and y 

and 0.9 c m 3  f o r  130 

i n  Figure 5 .  The experimental  va lues  111 of 1.2 cm3 f o r  110’ l a  
0 f a l l  exac t ly  on the top  l i n e  of Figure 5 ,  which i s  f o r  a 



L 'b 

2 
liquid-air surface energy Of 500 erg/cm . The literature [ 3 ]  gives a value of 

484 erg/cm2 for the surface energy of mercury at 20 C. 
- 

0 

3. Triangular h P o u l e s  

Figure 6 shows the triangular ampoule geometry analyzed, with air in the 

corners and liquid contacting the ampoule walls over width W. The end caps 

were assumed to be hemispherical, which can only be approximately true. 

The total dimensionless surface free energy of the system is: 

* * *  * *  * *  
F = 3W B yls/yla + [4nr + (n-2a)R E 1 + 3(1-K )H ysa/yla 

C aP 

is the radius of * 2 
where L is the width of the side walls, F = FIL yla, r cap 

each hemispherical end cap, R = r/L is the dimensionless radius of curvature 

of the liquid-air interface in the corners, W = WIL is the dimensionless 

contact width, and H = H/L is the dimensionless length of the liquid along 

* 

* 

the center. 

Numerical computations were performed for conditions similar to the 

experiments: side width L = 1.25 cm, ampoule length H = 10 cm, volume of 

2 from 200 to 484 erg/cm , and a contact = 78 erglcm , yla 2 3 
sa 

liquid = 5 cm , 
0 

angle ranging from 90 to 160 . Typical results are shown in Figure 7. The 

equilibrium contact width is that giving the minimum surface energy. Figure 8 

shows the equilibrium contact width vs. contact angle and liquidlair surface 

tension. In  the experiments [l] the contact angle was 120 to 130 and the 
0 

contact width was somewhat over 112, which lies near the bottom curve on 

Figure 8. 
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Nome n c 1 a t ur e 

Cylindrical Ampoule 

A 
cap 

Ala 

A1 s 

sa A 
8 

dx 

F 

H 

h 

L 

L air 

LC+B 

col 
L 

R 

'la 

'1 s 

'Sa 

0 

2 
Surface area of the end cap (m ) .  

Interfacial area between liquid and air (m 1 .  
2 

Interfacial area between liquid and solid (m 1 .  

Interfacial area between solid and air (m 1 .  

Radius of the cylindrical tube (m). 

2 

2 

Thickness of an infinitesinal section of the bubble (cm). 

Total interfacial free energy inside ampoule ( J )  

Height of the bubble at its center (see Figure 2 )  (m). 

Height of the bubble at distance x from its center 
(see Figure 2 )  (m). 

Length of the ampoule (cm). 

Total length of the air columns in the separated-columns 

configuration (m). 

Sum of the lengths of regions B and C in Figure 1 for 
bubble/bridge configuration (m). 

Length of the liquid column in the separated-columns 

configuration (m). 

Radius of curvature of the bubble (m). 

2 
Surfece energy between liquid and air (J/m 1 ,  

2 
Surface energy between liquid and solid ( J / m  ) .  

2 
Surface energy between solid and air ( J / m  1 .  

Contact angle of liquid on the solid in air (radian). 

Dimensionless 

Triangular AmDoule 

F Total interfacial free energy inside ampoule ( J ) .  

E Length of the liquid column to the end caps (m). 



1. Widtb of the w a l l  ( s e e  Figure  6 )  (m). 

R Radius of curvature a t  the c o r n e r s  (m). 

r Radius of the end cap (m). 
cap 

U’ Width of  c o n t a c t  on the w a l l .  

a (7/6)n-8 ( r a d i a n ) .  



Figure 1. TWO equilibrium configurations observed in cylindrical ampoules. 

(a) Bubble/bridge configuration. A,  B and C mark the three 

regions referred to in the calculations. 

(b) Separated columns configuration. 



Figure 2 .  Side view of the bubblerbridge configuration showing the 

nomenclature and the coordinate system used t o  numerically 

calculate the s o l i d f a i r  and l i q u i d l a i r  surface areas.  



60 

49.5 

40 

48.5 

48 

47.5 

47 

46.5 

46 

45.5 

45 

COLUMN 

BUBBLYBRIDGE 

0.2 0.4 0.6 0.8 1 1.2 

VOLUME OF BUBBLE (CC) 

8 
Figure  3 .  Tota l  d imens ion les s  surface energy F for c y l i n d r i c a l  ampoule 

2 versus  volume of a i r  bubble for 7 = 484 erg/crn (mercury [ 3 1 ) ,  

'sa 

rad ius ,  14 c m  long and 20 cm3 of  l i q u i d .  
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Figure 5. Critical bubble volume versus contact angle 8 and liquidlair 

surface tension for a solidlair surface energy of 78 erglcm 2 , 20 

cm rmpnn-le length and 20 cm3 of liquid. 

Top carve: 2 
= 500 erg/cm '1 a 

Second : 

Third : 
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Bottom curve: 200 erg/cm' 
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Figure 6. Schematic of the liquid configuration in a triangular ampoule. 

End caps not shown. 
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Figure  7 .  P l o t  o f  t o t a l  d imens ion les s  sur face  energy F 

c o n t a c t  width W 

v e r s u s  d imens ion les s  

f o r  a l i q u i d l a i r  sur face  energy o f  484 erglcm , a 2 

g l a s s i a i r  surface  energy of i 8  ergicm z , and four  ci i f fereni:  c o n t a c t  

a n g l e s  ( a s  shown). 
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TWINNING OF DODECANEDICARBOXYLIC ACID 
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Twinrung of 1.10-dcdecanedicarboxyl acid (DDA) was observed in 0.1 nun thck films with a polanzing mcroscope. Twns 
originated from polycrystalline fcgons whch tended to nucleate on twin faces. and terrmnated by intersecting one another. Twinrung 
mcreased dramatically w~th addnion of organic compounds wth a similar molecular SIX and shape. increasing the freezing rate. 
increasing the temperature gradient. and addition of silica panicles increased twinning. We propose that twins nucleate wth 
polycrystals and sometimes anneal out before they bccome observable. 'Ihe impurities may enhance twinning either by lowenng the 
twin energy or by adsorbing on growing faces. 

1. Introduction 

Mechanical twinning scems to be well under- 
stood. On the other hand, formation of twins 
during crystal growth remains a mystery. The 
crystallographer explains growth twinning as aris- 
ing solely from stacking errors or accidents, which 
are more likely when the energy of the twin is 
smdl  (e.g., refs. [IJJ). If t h s  viewpoint was accu- 
rate. twinning would be a random event increasing 
with increasing growth rate (e.g.. refs. [3-51). Ex- 
perimentally, other growth conditions have a large 
influence. For example, the number of twins 
formed in duectionally-solidified InSb-GaSb al- 
loys was reduced by doing the solidification in 
space [6,7] and in a magnetic field [8]. 

Growth twinning has sometimes been attri- 
buted to purely mechanical effects (e.g., ref. [9]). 
Thus, for example, it was speculated that twins in 
bismuth were caused by small drops of melt 
trapped during solidification (bismuth expands 
upon freezing) (101. Twins in films of silicon held 
between silica and solidified in the (110) direction 
were attributed to plastic deformation [l l] .  An- 
nealing was thought to reduce the number of twins 
in liquid-encapsulated Czochralslu growth of in- 

* Current address: University of Minnesota, Minneapolis. 
Minnesota. USA. (I 

dium phosphide by reducing the differential ther- 
mal stress between the InP and the E&O, [12]. On 
the other hand, straining InSb-GaSb alloys at 
elevated temperature [13] and CdTe at room tem- 
perature (141 had no effect on the number of 
twins. Twins did form during annealing of fcc 
metals, but without stress applied [15]. In vacuum 
evaporation of thm gold films it was suggested 
that small twins formed by mechanical deforma- . 
tion whde large twins formed in growth accidents 
[ 161. 

Growth twinning has been observed to increase 
with increased growth rate [14,17] or supercooling 
[18-201. On the other hand, diphenyl crystals 
grown from the vapor twinned less at 4°C under- 
cooling than at 1°C [21]. Twinning is often depen- 
dent on the presence of particular impurities, 
sometimes being increased [ 19,20,22-271, and 
sometimes decreased [ 12,24,28], by the impurity. 
Addition of silicon to gallium arsenide caused 
scum to form on the surface of the melt in liquid- 
encapsulated Czochralski (LEC) growth and sub- 
sequent twin formation [29]. Growing with excess 
arsenic reduced twinning [28]. In LEC of InP. 
twinning was significantly reduced by maintaining 
the angle between the surface of the growing crystal 
and the (111) axis belnw 19.58O [?2). !E hyd:=:her- 
mal growth of epistilbite, twinning decreased 
sharply with rising temperature [30]. 

u 0022-0248/86/$03.50 0 Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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Several investigators have studied twins in so- 
lidified aluminum alloys [31-431. Some claimed 
the twinned grains orignated at a lattice defect 
[32,40], whle others attributed them to growth 
accidents [36] or to nucleation on the chill face 
[43]. There are conflicting conclusions on the role 
of the freezing rate [31-331. 

Indium antimonide solidified in (211) in space 
had more (111) twins than when grown on earth, 
with twinning becoming more frequent down the 
crystal [34]. The lattice constant increased at the 
same time and a connection with twinning was 
suggested. 

The twin plane observed experimentally does 
not always correspond to the lowest energy twin 
plane. Thus, for example, KBr grown from aque- 
ous solutions formed non-coherent (21 1) twins 
rather than (111) [24]. Potassium chloride formed 
twins with a coherent (211) surface while NaCl 
formed coherent (111) twins [45]. 

Clear-cut interpretation of prior experimental 
results was generally not possible because the 
growth and twinning were not directly observed; 
only the final twinned solid was studed. We re- 
port here on experiments performed on a trans- 
parent film with polarized microscopy that per- 
mitted twins to be observed as soon as they were 
formed. 

2. Experimental Methods 

Details of the experiments are given elsewhere 
[46]. Cells were prepared by placing a small amount 
of an organic compound on a glass microscope 
slide and covering this with a 20 X 40 mm cover 
glass. Thls assembly was placed on a hot plate to 
melt the organic. The cell was removed from the 
hot plate and placed on a wooden bench top. A 
metal spatula was pressed down on the cover glass 
to force out excess organic and bubbles. When the 
organic had solidified the excess was scraped from 
the edges and epoxy cement applied. Thls proce- 
dure produced cells containing a layer of organic 
about 0.1 mm thck.  In one cell, 0.05 mm diameter 
bare copper and constantan thermocouple wires 
were run into the organic layer from opposite sides 
of the 20 mm span of the cover glass. The junction 

was located in the center. Directional solidification 
along the length of a cell was c a n e d  out by 
translating over a 8.3 mm wide heater, which 
formed a wide molten zone in the organic. In one 
set of experiments an addltional heater was placed 
at the end of the cell to permit the temperature 
gradient at the freezing interface to be varied. The 
temperature profile in the cell was measured by 
translating the cell containing the thermocouple 
past the heater at 3.41 pm/s. The interfacial tem- 
perature gradient was obtained by measuring the 
slope at the DDA melting point and dividing this 
by the freezing rate. 

Twenty seven different organic compounds were 
tested for their tendency to form twins that are 
readily observable with a polarizing microscope. 
Conspicuous twins occured only with 1,lO-de- 
canedicarboxylic acid (DDA henceforth). DDA is 
monoclinic with a melting point of 130°C. The 
existence of twins was determined by placing a 
slide under the microscope between crossed 
polarizers. The slide was rotated so that adjacent 
twins had the same color and intensity. It was then 
rotated until a maximum contrast was obtained, 
and then again for the opposite maximum con- 
trast. The angles between the two positions of 
maximum contrpt and the position of no contrast 
were equal, about 50" to 60". During solidifica- 
tion, adjacent twins formed a charactenstic re-en- 
trant angle growth interface of about 150". The 
twin boundaries were very straight. The number of 
twin boundaries across the 20 nun width of the cell 
was counted every 10 to 15 min during a run. 

The DDA was purchases from Aldrich Chem- 
ical Co. of Milwaukee with a listed purity of 99 to 
99.6%. For some experiments thrs was zone refined 
with 28 downward passes at 14 mm/h in a 13 mrn 
ID Pyrex tube. 

3. Results 

Twins orignated in the original unmelted start- 
ing material, at existing twin boundaries, and 
polycrystalline regions that formed spontaneously 
at the growing interface. Fig. 1 shows two sets of 
twins and the polycrystalline regions from whch 
they grew. The polycrystals nucleated primarily on 
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Fig. 1. DDA between polarkas adjusted to give the &mum 
contrast between adjacent twins. The arrows indcate the twin 
boundazies. The polycrystalline regions arc marked with P 
(80X).  

growing twin faces, especially when the interface 
was perturbed by blowing puffs of air on the cell 
or when the hot stage was moved rapidly. More 
polycrystals formed at higher cell translation rates. 

The initial number of twins propagating from 
the unmelted solid varied somewhat from cell to 
cell. To see if rapid cooling during cell preparation 
influenced this twinning, several cells were pre- 
pared by slowly cooling them on the hot plate by 
turning the power off, while maintaining the 
spatula pressure. Th~s did not influence the initial 
number of twins. 

Fig. 2 T w n  termination by mtersection of twn boundanes at 
A and twtn formation at an uasung twn boundary at 0 

Twins terminated by intersecting one another, 
as shown in fig. 2. No movenment of twin or grain 
boundaries was observed either during the 1 h 
heatup prior to initiation of translation or in the 
solid after solidification. Because of the continued 
birth and termination of twins. the number of twin 
boundaries tended to fluctuate down the cell. Oc- 
casionally a general downward trend was noted, 
and less often an upward trend. To provide better 
statistics. several replicate runs on different cells 
were performed for a gven set of experimental 
conditions. Using standard Student t statistical 
techmques the 95% confidence limits were calcu- 
lated for the mean number of twin boundaries for 
each set of conditions. These are the numbers 
shown in the tables and represented by the verticle 
bars in the figures. When least squares lines were 
calculated, the raw data were used rather than 
mean values. 

3. I Influence of purity 

Table 1 shows that zone refining reduced twin- 
ning by over an order of magnitude. Additon of 
three impurities to zone refined material caused 
large increases in twinning, three had little effect. 
and one decreased the number of twin boundaries. 
It is interesting to note that the three impurities 
that increased twinning had a molecular structure 
similar to that of DDA, i.e. aliphatic carboxylic 
acids. Furthermore, as shown in fig 3. the number 
of twins increased approximately hearly as the 

Table 1 
Influence of impunties on number of twtn boundanes per 20 
mm of interface at a freeung rate of 3 4 pm/s 

Material Number of twn 
boundnes 
per 20 mm '' 

Ongnal DDA ( - 0 4% unpunty) 
Zone refmed DDA 
Zone refined plus 7% 1 naphthoic acid 
Zone refined plus - 6% maleic anhvdnde 
Zone refmed plus 5% oxalic acid 
Zone refined plus - 6% chloroaceuc acid 
Zone refined plus - 6% succinic acid 
Zone refined plus 5% launc acid 
Zone refmed plus 7% sebaac acid 
a) O+(P -,._I J 

, Jw wtsuucnw hrmts gven 

24.2 to 27.9 
1.3 to 2.6 
0.0 to 0.8 
1.2 to 2.7 
1.8 io 3.8 
2.2 to 4.2 

10.9 to 14.6 
23.6 to 25.6 
29.1 to 32.2 

n 



. 
b 

R.  Sen. W R. Wikoi / Twinning o/dodecancdicarboxvltc acid 

I c 

80 I88 128 1.8 le0 I80 288 220 
Molecular Weight 

Fig 3 Twn boundanes p e r  20 mm of interface versus molecu- 
lar weight of added impuntj The h e  is a least-squares f i t  and 
the arrows shown 95% confidence lirmts Here Ox denotes 
oxalic acid. Su SUCCINC acid. Se sebacic acid and La launc and 

molecular weight of these compounds approached 
that of DDA (230). Note that whde sebacic and 
lauric acids have nearly the same molecular 
weights. sebacic acid is a decarboxylic acid like 
DDA while lauric acid is a monocarboxylic acid. 
More twins were obtained with sebacic acid than 
with lauric acid. 

I t  is expected that impurity molecules are incor- 
porated more readily in a freezing organic com- 
pound when they are near the shape and size of 
the host molecules. Thus it  appears likely that a 
necessary and sufficient condition for impurities to 
increase twinning of DDA is for them to be incor- 
porated in the growing crystals, i.e. for the distri- 
bution coefficient to be not far from one. 

3.2  Influence of freezing rate 

Fig 4 shows the influence of cell translation rate 
on the number of twin boundaries for non-zone 
refined DDA. The Line is a least squares fit to the 
raw data (not the means at each velocity). and is 
plven by: 

N = 24 + 0.7V. 

where N is the number of twin boundaries along 
the 20 mm interface and I/ is the translation 
velocity in pm/s. The probability that the slope is 

(1) 

T r a n s l a t i o n  Rate ( m i c r o m e t e r s / s )  

Fig. 4 Influence of fremng rate on twmmng of non zone-re- 
fined DDA at an mterfacial temperature gradient of 1 7 K/cm 
The line IS gwen by q. (1). 

_ -  

positive is greater than 99.95%. For zone refined 
DDA the velocity dependence is 

N = 1.4 + 0.7V,  

with a 97% probability that the slope is positive. It 
is interesting to note that the velocity dependence 
is the same for zone-refined and for non-zone-re- 
fined material. 

( 2 )  

0 4  8 6  0 .  I O  1 2  1 4  1 6  1.8 

Temperature  Gradient 

Fig. 5. Influence of mterfacial temperature gradient in K/mn 
on t m n i n g  of non zone-refined DDA at a freevng rate of 3 41 
pm/s The h e  IS gwen by eq ( 2 )  after conversion to K / m n  
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3.3 Influence of interfacial temperature gradient 

Fig. 5 shows the influence of temperature gradi- 
ent on twinning, with a least squares fit to the raw 
data yielding 

N = 4.9 + 0.23G, 

where G is in K / m .  The probability that the 
slope is positive is greater than 99.95%. 

All of the other results presented in this paper 
were obtained in the absence of the auxiliary 
heater. i.e. for an interfacial temperature gradient 
of 84 K/cm (1.7 K/min. at 3.41 pm/s). 

(3 )  

3.4 Influence of foreign particles 

Table 2 shows the influence of adding a small 
amount of insoluble foreign parricles to non tone- 
refined DDA. These are ordered by the mean 
number of twin boundaries counted. In all cases 
the particles were immediately engulfed by freez- 
ing DDA; no particle movement was observed. In 
most cases the particles had little influence on 
twinning. Silicon and SiO, caused about a 25% 

Table 2 
Influence of addition of 0.8 to 4.2 wtQ of insoluble parucles to 
non-zone-refined DDA, with a translation rate of 3.1 pm/s 
and an interfacial temperature gradient of 1.7 K/cm; the 
parricles are arranged in order of mcreastng average number of 
twin boundanes 

Panicle Size Twm ThCnIlal 
( a m )  boundanes expansion 

coefficient 
(IO-' K - ' )  

cu 8 12.2 to 13.7 1.72 
Ni 17 11.7 to 16.3 1.32 
Pb - 70 13.9 to 17.0 2.92 
AI - 15 15.1 to 16.8 2.75 
FCO - 16 17.8 io 21.9 1.20 
SIC 50 19.4 to 21.1 0.40 
Teflon 18.4 to 22.2 14.70 
.4g - 6  20.1 to 23.0 1.95 

None 21.7 to 22.7 - 15 

LiF < 1  22.2 to 24.5 3.86 
Cr,O, < 1  21.5 to 25.4 0.84 
Graptute - 3  23.6 to 25.3 0.20 
Si - 50 26.6 to 27.9 0.20 
S S ,  J." L U  LJ LO.& LU LO.0 1 .u I ,n .^ * c  -.- * .. 70  " . e" 

increase in the number of twin boundaries. with 
better than 99.95% probability. Since elemental 
silicon in air is always covered with a layer of 
SiO,. this indicates that surface properties may be 
important. All of the particles except for Teflon 
had a coefficient of linear thermal expansion much 
less than organic compounds. so stress due to 
differential thermal expansion is unlikely to be 
responsible for the increased twinning with Si and 
!SO2. I t  is interesting to note that new twins could 
not be observed e m e r p g  from Si or SiO, par- 
ticles, but came from polycrystals as usual. 

Four metals appeared to cause an appreciable 
decrease in twinning. However these particles 
tended to produce many polycrystals which could 
have obscured twins. I t  was noticed that these 
particles also tended to cluster together and cause 
the layer of DDA to be thcker than usual. To 
investigate the influence of cell thickness several 
cells were prepared without pressing down on the 
cover glass. Th~s  yielded DDA layers almost twice 
as thck as normal. These cells. which contained to 
added particles, produced many polycrystals and 
no observable twins. 

4. Discussion 

We have shown that twins emerge from poly- 
crystalline masses, although not all polycrystals 
gve  rise to twins and some polycrystals give rise to 
two twin boudaries. We might expect that nuciea- 
tion of polycrystals would be enhanced by con- 
stitutional supercooling, whch in turn is increased 
by an increased impurity concentration. increased 
segregation, higher freezing rate. and smaller tem- 
perature gradient. Whde the number of twin 
boundaries did increase with increased impurity 
concentration and increased freezing rate, i t  de- 
creased with increased segregation and smaller 
temperature gradient. Therefore consitutional su- 
percooling was not responsible for twinning. 

DDA solidifies with facets. Thus i t  probably 
grows with an appreciable supercooling, increasing 
with increasing growth rate. The supercooling is 
probably still more on the twin faces, whch were 
favored sites for polycrystal formation. Further- 
more a twin face would be more likely to create its 
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twin than a randomly oriented grain. 
We hypothesize that polycrystals containing 

twins nucleate preferentially on twin faces due to 
the supercooling that exists there. A smaller tem- 
perature gradient would allow the polycrystal to 
anneal immediately after its nucleation and some- 
times pennit twins to anneal out. Impurities in- 
corporated in the solid would be attracted to the 
twin boundary, to take up some of the mismatch 
there. T h ~ s  would lower the twin energy and in- 
crease its probability of nucleation. 

.4lternatively. impurities of similar size and 
shape to DDA might tend to adsorb on the face of 
a growing twin and enhance the nucleation of 
other twins. Llkewise SiO, could nucleate twins 
due to its surface properties. 

Since the “annealing” time after solidification 
is inversely proportional to the temperature gradi- 
ent and the freezing rate, it would be interesting to 
investigate the influence of temperature gradient 
at a variety of freezing rates. Unfortunately we 
used a fixed freezing rate. 
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